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Abstract 
Periodic mesoporous organosilicas (PMOs) are attractive materials because of their 
ordered pore systems as well as the great diversity of intrinsically functionalized pore 
walls, which could lead to potential applications of PMOs in areas such as catalysis, gas 
storage, drug delivery, sensing, and optics. Different organic molecules (R’) can be 
integrated within the frameworks of PMOs by condensation of the bis- or 
poly-(trialkoxysilyl) precursors R’[Si(OR)]n (n ≥ 2)  in the presence of surfactant 
templates. It is often challenging to synthesize PMOs from organosilane precursors with 
bulky organic units, as such precursors can have low solubility and high hydrolysis rates 
which lead to disordered precipitates under common synthetic conditions. In this 
project, a modified evaporation-induced self-assembly (EISA) process was developed to 
produce oriented PMO materials either in the tubular channels of anodic alumina 
membranes (AAM) or on the surface of a flat substrate. Four different functional 
chromophores were successfully integrated into the PMO pore walls followed by the 
investigation of their optical properties. 
At first, a biphenyl-bridged PMO (Bp-PMO) material was successfully synthesized 
within the AAM host systems. 4,4’-bis(triethoxysilyl)biphenyl (BTEBP) was used as 
organosilane precursor in combination with cetyltrimethylammonium bromide (CTAB) 
or triblock co-polymer Pluronic F127 as structure directing agent (SDA). Depending on 
the SDA, three different mesophases were observed, i.e., a structural mixture of a 
2D-hexagonal columnar and a lamellar phase, a hexagonal circular phase as well as a 
body centered cubic (Im-3m) mesophase. The obtained circular and cubic structured 
Bp-PMOs confined within AAM channels were found to be stable against calcination 
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temperatures of up to 250 °C. The composite materials also showed good stability in the 
electron beam of the electron microscope. Furthermore, all the hierarchically structured 
Bp-PMO/AAM materials showed fluorescence in the ultra-violet light region due to the 
existence of biphenyl organic units in the stable organosilica frameworks. 
In the second part, within the channel-host of AAM, 
1,3,5-tris(4-triethoxysilylstyryl)benzene (a three-armed oligo(phenylenevinylene) 
molecule, denoted as 3a-OPV) was used as organosilica source and the triblock 
co-polymers Pluronic F127 or F108 were chosen to assist the assembly of 3a-OPV 
precursors into PMOs. After the EISA process, the sample formed with the Pluronic 
F127 as template had a 2D-hexagonal circular structure, while the one with the block 
co-polymer F108 as template showed a body centered cubic (Im-3m) structure. As the 
phenylenevinylene chromophores exist within the obtained PMO pore walls, the 
resulting mesostructured 3a-OPV-PMO/AAM composites were observed to be 
fluorescent in the visible light region. The energy shift of the fluorescence emission of 
the PMOs with respect to the precursor molecules indicates strong electronic 
interactions of the chromophores in the confined organosilica networks.  
In the third part, a newly designed poly-triethoxysilyl molecule containing an 
octa-substituted zinc-phthalocyanine macrocycle was synthesized as organosilane 
precursor. Then with Pluronic F108 as structure directing agent and tetraethoxysilane 
(TEOS) as co-precursor, highly ordered phthalocyanine-containing organosilica 
(denoted as Pc-Si-PMO) films were formed on flat substrates using the spin-coating 
method. Subsequent removal of the template was achieved through supercritical CO2 
extraction. The resulting extracted Pc-Si-PMO film material features a highly ordered 
orthorhombic porous structure with pore diameter of 17 nm and surface area of 
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379 m2 g-1. It was confirmed by energy dispersive X-ray spectroscopy (EDXS), electron 
energy loss spectroscopy (EELS) and nuclear magnetic resonance (NMR) spectroscopy 
that the phthalocyanine molecules are preserved after being incorporated in the PMO 
pore-walls. Furthermore, the optoelectronic activities of the Pc-Si-PMO films were 
investigated with the inclusion of electron-accepting species such as the fullerene 
derivative PCBM, showing indeed the anticipated light-induced charge generation 
capability and hole-conducting behavior. 
In the fourth part, another novel ethoxysilyl precursor with a tetra-substituted porphyrin 
bridging-unit was designed and the corresponding PMO film material (Por-PMO) was 
successfully synthesized. Triblock co-polymer Pluronic F127 was used as structure 
directing agent to direct the assembly of the porphyrin-bridged precursors into an 
ordered mesostructure. The template F127 was removed from the mesopores through 
solvent extraction. The resulting orthorhombic structured mesoporous film has a surface 
area of 364 m2 g-1 and a pore size of 15 nm. The investigation on the optoelectronic 
activity of the film in an electrolyte indicates that the obtained porphyrin-bridged PMO 
material also has light-induced charge generation capability and that it features a p-type 
semiconducting character. 
To summarize, highly ordered PMOs with four different chromophores, ranging from 
two aromatic rings to large aromatic macrocycles, were synthesized and their 
light-absorbing, light-emitting as well as charge-generation and transport abilities were 
investigated. These studies indicate that PMOs are promising candidates for energy and 
electron transfer systems, and are expected to lead a way towards designing and 
synthesizing novel periodically ordered interpenetrating networks of electron donors 
and acceptors. 
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1. Introduction 
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1. Introduction 
A mesoporous material is a material containing pores with diameters between 2 and 50 
nm according to the IUPAC definition.1 Typical mesoporous materials include 
mesoporous silica,2-6 alumina7-9 and other mesoporous oxides of titanium, niobium, tin, 
etc..10-18 Among them, periodic mesoporous silica materials have attracted considerable 
attention for designing nanoscale architectures by applying bottom-up strategies since 
their discovery in 1992 by the researchers of the Mobil Oil company.5, 19 These reported 
periodic inorganic mesoporous silica materials, known as M41S phases, are formed by a 
sol-gel process20 in the presence of structure-directing agents (SDAs), i.e., 
self-assembled aggregates of surfactants. The most well-known representatives of this 
class of materials include the silica solids MCM-41 (hexagonal arrangement of the 
mesopores), MCM-48 (cubic arrangement of the mesopores) and MCM-50 (lamellar 
structure), in all of which MCM stands for “Mobile Composition of Matter”.21  
Following the discovery of ordered mesostructured silica, there have been many studies 
and reports on synthesizing novel compositions based on mesoporous silica for 
applications in areas such as catalysis, gas storage, drug delivery, sensing, and 
optics.22-26 The key point of these studies is to combine the advantages of inorganic 
mesoporous silicas such as tunable pore sizes, high specific surface areas, and ordered 
pore systems with the great diversity of organic chemistry, which could lead to the 
development of mesoporous organic-inorganic hybrid materials.27-28 The organic 
modification of the porous materials allows one to tailor the properties of the inorganic 
silica to specific needs. A special group of the organically modified mesoporous silica 
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materials is represented by periodic mesoporous organosilicas (PMOs), which were 
discovered in 1999 by three groups independently.29-31 
1.1. Periodic Mesoporous Organosilica Materials 
A specific class of mesoporous organic-inorganic hybrid materials is known as periodic 
mesoporous organosilica (PMO).32 In 1999, three groups independently reported the 
first examples of PMO synthesized with organically bridged bis(trialkoxysilyl) 
precursors as building blocks.29-31 Ozin’s group reported an organic-inorganic hybrid 
material containing ethene groups which were directly integrated into the silica 
framework. They used 1,2-(bistriethoxysilyl)ethene as precursor and CTAB 
(cetyltrimethylammonium bromide) as structure directing agent and were able to 
solvent-extract the surfactant molecules to create a stable and periodic mesoporous 
ethene-silica with high surface area and ethene groups which are readily accessible for 
chemical reaction.31  
Inagaki and coworkers used 1,2-bis(trimethoxysilyl)ethane to produce such a periodic 
mesoporous organosilica material with hexagonal symmetry and pore diameter of 3.1 
nm templated by surfactant C18TMACl (octadecyltrimethylammonium chloride).30  
At nearly the same time, Stein and coworkers also synthesized porous organosilica 
frameworks in which silicon atoms are bridged by ethane or ethene groups similarly by 
making use of the cetyltrimethylammonium (CTA+) surfactant and trialkoxysilyl 
precursors such as bis(triethoxysilyl)ethane or bis(triethoxysilyl)ethene.29  
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Commonly, PMOs (periodic mesoporous organosilicas) are materials which can be 
synthesized from bis- or poly-(trialkoxysilyl) precursors R[Si(OR’)]n (n ≥ 2) in the 
presence of structure directing agents (e.g., surfactants such as tetraalkylammonium 
halides or nonionic copolymers), as shown in Figure 1.1 (in this Figure n=2). In PMOs, 
each individual organic group is covalently bonded to two or more silicon atoms. These 
organic bridges are uniformly distributed within the porous framework, which can 
enhance the activity of these functional groups and makes PMO materials attractive in 
application fields such as catalysis22, 33 and adsorbent34-35 systems.  
 
Figure 1.1: General synthetic pathway to PMOs that are formed from bis-silylated 
organic bridging units R. (Figure adapted from ref. 21.) 
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Since the initial reports of periodic mesoporous organosilicas, there have been many 
studies on incorporating various organic moieties within PMO frameworks. To date, 
numerous organic groups have been successfully incorporated in the framework of 
PMOs.21, 27, 36-40 Figure 1.2 shows some of the silane precursors used for their 
preparation, from which it is obvious that researchers have relied mostly on short, rigid 
organic linkers or aromatic linkers, as flexible organic linkers over two carbons in 
length could easily result in disordered materials.21 During recent years, great efforts 
have been made towards developing novel PMOs with photoactive or electroactive 
functions within their frameworks.24-25, 41-43 In that way, these materials could be 
potentially employed in optical or electrical systems, broadening the application fields 
of PMO materials. 
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Figure 1.2: A selection of organosilica precursor molecules used for the preparation of 
PMOs. Si = Si(OR)3, R= Me, Et or iPr. (Figure adapted from ref. 21.) 
A noteworthy aspect regarding the obtained PMOs is that some compounds do not only 
show a periodicity at the mesoscale but also exhibit a crystal-like arrangement of 
organic bridges within the framework (Figure 1.3). This phenomenon was first 
described in 2002 by Inagaki et al. for a benzene-bridged PMO.44 Here, following the 
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convention of Fröba and coworkers,21 the term ‘ crystal-like’  instead of ‘
crystalline’ is used because (i) the organic bridges do not have to possess strict 
translational symmetry, they can be slightly tilted with respect to each other, and (ii) the 
silica part of the pore walls does not possess long-range order. Apparently, precursors 
that are rather rigid, linear or symmetric and do not carry too long or bulky substituents 
more easily arrange into this crystal-like networks. 
 
 
Figure 1.3: Schematic illustration of amorphous and crystal-like frameworks of PMO. 
(Figure adapted from ref. 32.) 
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1.2. Synthesis of PMOs by evaporation-induced self-assembly 
(EISA) 
The first reported periodic mesoporous organosilica materials were synthesized in the 
form of powders by a precipitation mechanism.29-31 As PMO materials have promising 
properties towards applications in fields such as nanoscale catalysts, gas sensors, and 
optical devices, preparing PMOs as films on surfaces or at interfaces could be more 
beneficial compared to powder synthesis. 
In order to produce mesostructured thin films, an evaporation-induced self-assembly 
(EISA) process is often employed.45 In this EISA approach, the self-assembly of silica 
precursor molecules is directed by a structure-directing agent (SDA) which serves as a 
scaffold for the polycondensation of the precursor molecules. The structure-directing 
agents are normally supramolecular structures formed by the aggregation of amphiphilic 
molecules such as surfactants which contain both hydrophilic and hydrophobic groups. 
Once the amphiphilic surfactants are dissolved in solvents, they are able to form 
micellar aggregates when their concentrations are above their critical micelle 
concentrations (CMC).  
The packing behavior of the surfactant template can be designed by adjusting the 
packing parameter g  
g = V/a0l, 
where V is the total volume of the hydrophobic part of the surfactant, a0 is the effective 
area at the aqueous-micellar surface and l is the length of the hydrophobic hydrocarbon 
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chains. The value of g can be influenced by the addition of a cosurfactant, the polarity 
of the solvent as well as the presence of other ionic or nonionic species. 
Taking the formation of mesoporous inorganic networks as example, the details of 
various steps involved in the EISA process are illustrated in Figure 1.4.46 These steps do 
not necessarily take place precisely in the given order and sometimes may overlap along 
the process of thin film formation. 
 
 
Figure 1.4: Scheme illustrating the various steps involved in the EISA process during 
thin film formation by liquid deposition techniques. (Figure adapted from ref. 46.) 
Correspondingly, for the synthesis of PMO thin films, the EISA approach typically 
employs a homogeneous solution containing the organosilica source dissolved in 
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volatile solvent (e.g. ethanol) and water, catalytic amounts of HCl, as well as surfactant 
with a concentration below its CMC. During the EISA process, the solvent evaporation 
causes an increase in the concentration of non-volatile species in the deposited solution 
and triggers both self-assembly and crosslinking of organosilica precursor molecules. 
More precisely, as soon as the initial solution is deposited on the substrate, evaporation 
of volatile components (e.g. EtOH, H2O and HCl) takes place at the air/film interface. 
Once the surfactant concentration reaches its CMC, micelles start to form by 
aggregation of the hydrophobic parts of the surfactant. With the attraction between the 
organosilica source and the hydrophilic headgroups of the surfactant, assembly of the 
precursor molecules around the micelles is achieved. Finally, after polycondensation of 
the silane precursors a mesostructured organosilica film is obtained. 
Since the starting point for the film formation is the initial solution, in order to achieve a 
certain structure and a desired rate of the polycondensation of precursors, the chemical 
properties of the solution need to be adjusted, including its chemical composition and 
aging time. The final resulting periodic mesoporous organosilica materials can possess 
different mesophases depending on spherical, elongated, rod- or sheet-like micellar 
structures formed in the deposited solution (Figure 1.5).47-48  
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Figure 1.5: Schematic illustration of different lamellar, hexagonal, and cubic structures 
formed with sheet-like, cylindrical, or spherical micelle aggregate structures. Different 
colored aggregates in the sketch of the cubic Pm3n structure are used to clarify the 
structure. The grey micelles are arranged in a cubic body-centered manner, two green 
micelles are positioned on each plane of the cube. (Figure adapted from ref. 47.) 
1.2.1. PMO Films on Flat Substrates 
A variety of applications can benefit from the development of organosilica in thin film 
morphologies. For example, many sensing applications where one needs to coat an 
electronic device, chemically selective membranes or organic photovoltaic devices rely 
on thin film morphologies.21, 40 
Most commonly, thin films are prepared through an EISA process by dip- or 
spin-coating techniques (Figure 1.6). In dip-coating, a substrate is dipped into a solution 
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containing precursor(s), SDA and catalysts and then extracted at a constant speed. Due 
to the solution-substrate wettability, a film is formed on the substrate, whose thickness 
depends on the pulling speed and the viscosity of the solution. In spin-coating, few 
drops of the precursor solution are cast at the center of a flat substrate and then spun at a 
constant speed to be spread on the substrate due to the centrifugal force, leading to the 
formation of a homogeneous film. 
 
a
b
drop-casting spinning solvent evaporation
dipping wet layer formation solvent evaporation
 
Figure 1.6: Stages of dip-coating (a) and spin-coating (b) processes. (Figure adapted 
from ref. 49 and ref. 50.)  
The synthesis of PMO thin films was first realized in C. J. Brinker’s group by applying 
both spin-coating and dip-coating methods. These PMO thin films which contain 
ethane, ethene or benzene bridges exhibit lamellar, hexagonal or cubic mesophases 
depending on the surfactant template used in the initial ethanolic solutions.51 PMO thin 
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films with a slightly larger organic bridge - a biphenylene group - were also achieved by 
several research groups, showing periodicity of mesopores in the obtained PMO 
films.42, 52-53 G. A. Ozin’s group synthesized some PMO films that possess very low 
dielectric constant k values due to their high porosity and the high molar ratio of carbon 
to silicon atoms in the framework.54 Inagaki and coworkers recently focused on the 
preparation of PMO thin films with fluorescent and charge-conducting properties by 
using organosilica precursors containing oligo(phenylenevinylene) groups.26, 55 These 
studies on synthesizing PMO films on flat substrates are aimed at potential future 
applications of PMOs in displays, solar cells and microelectronic devices. 
Regarding the structural features of PMO thin films, one phenomenon commonly 
observed is the shrinkage caused by thermal treatment, which is applied to achieve 
further condensation of the organosilica framework.11,13,15 The contraction occurs 
mainly along the direction perpendicular to the substrate (out of plane), whereas the 
contraction parallel to the substrate (in plane) is negligible (Figure 1.7). As a 
consequence, thermal treatment will alter the shape of the mesopores and distort the 
mesostructure to a certain degree.  
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thermal 
treatment
 
Figure 1.7: Schematic illustration of the shrinkage of a hexagonal mesostructure after a 
thermal treatment process. 
in-plane disorder
out-of-plane order
 
Figure 1.8: Schematic illustration of a mesostructured film with out-of-plane order and 
in-plane disorder. (Figure adapted from ref. 56.) 
The other feature illustrated in Figure 1.8 is that the PMO films are generally composed 
of domains of mesostructure that exhibit preferential orientation with respect to the 
substrate surface which is called planar disorder, i.e., they show out-of-plane order but 
no long-range in-plane order.56 In order to realize further control over the domain size 
and orientation of mesopores in the films, great efforts have been made during the last 
years including the application of external electric57-58 or magnetic fields59-60, the use of 
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chemically61-62 or lithographically63 treated substrates, etc.. Among those methods, a 
feasible strategy is to utilize porous anodic alumina membranes (AAMs) as confining 
hosts and supporting substrates for mesoporous materials.  
1.2.2. PMOs Confined in Anodic Alumina Membranes  
To date, there are various reports on incorporating mesostructured silica into the tubular 
channels of anodic alumina membranes (AAMs). By this approach, even a vertical 
alignment of the mesopores relative to the alumina membrane surface could be 
realized.64-67 Besides, these types of hierarchical nanostructured composites can offer 
significant advantages, such as high thermal stability, high aspect ratio of the 
mesophase system, and applicability to nanofiltration or nanotemplating. 
The first case of employing anodic alumina membranes (AAM) as substrate to 
synthesize mesoporous silica was reported by Yamaguchi and coworkers.68 By using 
the EISA method, the surfactant-templated silica was successfully formed inside each 
alumina pore, having mesochannels vertically arranged with respect to the AAM 
surface.  
In order to tune the mesophase of mesoporous silica confined in AAM channels, 
detailed studies were reported including changing the surfactant template,69-70 varying 
the silica-to-surfactant ratio,71-72 making use of additives (e.g., inorganic salts),73 
controlling the humidity and temperature during the EISA process,66, 74 as well as 
changing the diameter of the AAM channels.75 The reported mesostructures of the 
confined silica include a 2D hexagonal columnar mesophase (mesopore orientation 
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along the alumina pore), a 2D hexagonal circular mesophase (mesopore orientation 
perpendicular to the alumina pore), and a lamellar phase (Figure 1.9).47  
 
 
Figure 1.9: Overview over observed silica mesostructures within AAM channels. 
(Figure adapted from ref. 47.) 
Taking advantage of the favorable interaction of silica species with the AAM channel 
walls found in inorganic silica/AAM systems, it is reasoned that combining organosilica 
systems with AAM hosts might lead to different mesophase behavior and phase stability 
and thus open the way to designing novel hierarchical nanosystems based on such PMO 
materials. The synthesis of PMO material confined within the channels of AAM was 
initially achieved by using bis(triethoxysilyl)ethane (BTSE) as the organosilica 
source.28 Two different surfactants, nonionic Brij 56 and ionic CTAB, were used as 
structure-directing agents (SDA) in an acid-catalyzed EISA process. Brij 56 resulted in 
the formation of either a hexagonal circular or a cubic mesophase. When using CTAB 
as the SDA, the only mesophase observed was the hexagonal circular structure. 
Small-angle X-ray scattering (SAXS) measurements in combination with TEM 
micrographs were used to investigate the mesostructures of the confined PMO materials 
in AAM-channels (Figure 1.10). 
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Figure 1.10: TEM micrographs and 2D-SAXS patterns of PMO/AAM composites with 
hexagonal circular (a, d) and cubic (b, e) structures formed by Brij56 and a circular 
phase templated by CTAB (c, f). (Figure adapted from ref. 28.)  
Besides the ethane-bridged PMO/AAM composite, not much has been reported 
regarding the synthesis of PMOs containing larger organic units in AAM-channels. The 
reason might be that it turned out to be very challenging to obtain ordered 
mesostructures from silsesquioxane precursors with large organic bridges. This type of 
precursors can show low solubility and high hydrolysis rate leading to almost instant 
precipitation under common synthesis conditions. Remarkably, recently two new 
PMO/AAM composites were successfully synthesized by our group (which will be 
discussed in following chapters), one of which containing biphenylene groups,76 the 
other containing oligo(phenylenevinylene) groups in the PMO framework.77 Compared 
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to previously reported PMO thin films with these two organic units, the PMO materials 
within the channels of AAM show improved features such as highly ordered and 
oriented mesostructures as well as good thermal stability and stability against 
electron-beam irradiation during TEM characterization. 
1.3. Photoactive Properties of PMOs with Functional 
Chromophores 
Periodic mesoporous organosilicas with functional chromophores have recently been 
developed and shown to have promising photoactive properties. A highly efficient light 
harvesting system based on PMO material has been reported by Inagaki and co-workers. 
The light-harvesting property is realized by an energy transfer from biphenylene groups 
in the PMO framework to dye molecules (coumarin-1) that are adsorbed within the 
PMO meso-channels.41 Their studies revealed that by increasing the concentration of 
coumarin-1 in the channels, the emission spectrum gradually shifts from the emission of 
biphenylene groups at 380 nm to 440-450 nm which is the characteristic emission of 
coumarin-1 (Figure 1.11). Almost 100% energy transfer efficiency could be achieved 
when the concentration of the dye was 1.8 mol% (coumarin 1/biphenyl) in PMO films. 
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Figure 1.11: Schematic representation of the energy transfer in biphenyl PMO doped 
with coumarin-1, and the fluorescence spectra of composites with 0-2.35 mol% 
coumarin - 1/biphenyl molar ratio excited at 270 nm. (Figure adapted from ref. 41.)  
This research is the basis for a series of studies of PMO materials containing 
photoactive groups.78-80 In these recent studies, the light absorption of the obtained 
PMOs could be extended to the visible light range, which is of considerable interest for 
the intended applications of these PMOs in photocatalysis and other optoelectronic 
devices. For example, by synthesizing a new acridone-bridged PMO material, 
light-harvesting properties could be observed at wavelengths up to 450 nm, indicating 
the absorption of visible light.78 
An interesting luminescent PMO material has been obtained by using a 
1,3,6,8-tetraphenylpyrene (TPPy)-containing organosilane precursor.81 The TPPy unit 
was densely embedded within the framework of thin films exhibiting efficient blue light 
emission. Furthermore, fluorescent dye doping of this mesostructured film with either 
green-light-emitting boron-dipyrromethene (Bodipy) or yellow-light-emitting 
Rhodamine 6G enabled color-tunable photoluminescence over a wide range of the 
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visible spectrum. Therefore, this kind of luminescent PMO materials could possess 
significant potential to be applied in light emitting systems. For example, present 
phosphors on “white” light emitting diodes (LEDs) currently show a slightly bluish 
color balance, which is perceived as ‘cold’ and uncomfortable, thus tuning their 
emission spectrum towards ‘warmer’ hues with the assistance of proper PMO material 
is of great interest.21 
Besides the light-harvesting and light-emitting properties of the PMOs with 
chromophoric organic linkers, charge-conductivity could also be achieved with 
electrically conductive organic linkers. The charge-transporting property of a PMO film 
with π-conjugated molecules in the pore wall was recently investigated.26 Under the 
application of a static electric field and upon irradiation with a 337 nm laser pulse, a 
transient photocurrent was generated and measured at the positive electrode. Carriers 
were shown to be holes with mobility on the order of 10-5 cm2 V-1s-1. Although the 
value is lower than that of well-stacked oligo(phenylenevinylene) systems, this report 
showed for the first time the possibility of designing an electrically conductive PMO 
matrix by incorporating large conjugated π-system into the framework (Figure 1.12). 
This success indicates great potential for designing and synthesizing PMOs containing 
other similar optoelectroactive molecules. 
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Figure 1.12: Chemical structure of phenylenevinylene-bridged PMO and schematic 
illustration of the hole-transport process through the PMO framwork. (Figure adapted 
from ref. 26.) 
This class of optoelectronically active PMO materials possesses features of high surface 
area, periodic mesopores as well as photoactive properties such as the absorption and 
emission of light and conductivity of charges. Thus, such features could lead PMOs into 
a promising future of being applied in lighting-harvesting systems, OLEDs or solar 
cells, respectively. 
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2. Characterization 
The study of mesostructured materials requires various characterization techniques that 
are able to detect multiple properties of the synthesized materials, such as mesophase 
periodicity, porosity, presence of specific molecular species, as well as optical and 
electronic properties. Small-angle X-ray scattering (SAXS), which provides information 
on mesostructures, is one of the most frequently used techniques. Besides SAXS, 
electron microscopy as a complementary technique can provide direct images of the 
material with nanoscale resolution. The physisorption of nitrogen on the obtained 
mesoporous material is used to obtain further information on the surface area, the pore 
volume and the pore size distribution. Nuclear magnetic resonance (NMR) provides 
information on the chemical environment of a specific atom present within the material. 
Other techniques which were employed to measure photoactive properties of the 
synthesized materials are also presented in this chapter, such as UV-Vis 
spectrophotometry, fluorescence spectroscopy and quantum efficiency measurements. 
2.1. X-ray Scattering   
X-ray scattering is a non-destructive analytical technique which provides information 
about periodicity of materials on the atomic to nanometer scale. This method is based 
on the interaction between a sample and an incident X-ray wave. When the X-ray beam 
hits a sample, it can interact with the electron cloud of the sample and undergo elastic 
scattering phenomena. If the electron density in the material is arranged periodically, as 
e. g., in a crystal lattice, the scattered waves can add up and give rise to constructive and 
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destructive interference. These interferences can then be recorded as a function of the 
incident angle of the X-ray beam with respect to the sample. 
To visualize the X-ray scattering process, Figure 2.1 displays an X-ray directed with an 
angle θ onto a system with a lattice-plane distance d. As the X-ray (with a wavelength 
λ) enters the system, the waves reflected from different planes will have different 
optical paths towards the detector plane. The difference in path length of two reflected 
waves is calculated as ‘2d sin θ’. In case of constructive interference, this difference 
equals the integer multiples of the wavelength λ, which is known as Bragg’s law.  
2d sin θ = n λ 
Bragg’s law can be used to obtain the lattice-spacing d of a crystal system.  
 
Figure 2.1: Schematic illustration of an X-ray diffraction experiment. Two incident 
waves are reflected on lattice planes causing constructive interference. 
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In case of periodic systems that have much larger lattice spacings than the atomic 
distances found in crystals, the corresponding diffraction angles of constructive 
interferences are small. Typically, scattering of X-rays at very low angles (<10o) is 
called small angle X-ray scattering (SAXS).1 SAXS is capable of delivering structural 
information in the nm-range, e.g., the distance between mesopores and the periodicity of 
mesostructures. SAXS experiments can be performed either in transmission geometry or 
in reflection geometry. Compared to the reflection mode, in transmission experiments, 
the incident X-ray beam is not reflected by the sample, but instead travels through the 
sample where the diffraction process takes place. SAXS in transmission geometry, 
however, has disadvantages when measuring thick substrates or thin films, as the 
scattered X-rays cannot penetrate thick specimens and scattering volume is very small 
in thin films. Thus, depending on the nature of the sample an appropriate geometry has 
to be applied for the SAXS experiments. The mesostructured samples investigated in 
this thesis were usually obtained in the form of substrate-supported films or composite 
membranes. In case of thin composite membranes, SAXS experiments were performed 
in the transmission mode, whereas the substrate-supported thin films were measured in 
the reflection geometry.   
Figure 2.2 illustrates the transmission geometry of a SAXS experiment on an anodic 
alumina membrane (AAM). The sample is placed into the X-ray beam and slightly tilted 
towards the beam in order to ensure the transmission of X-rays (a tilting angle of 10° 
was found to be the optimum). The X-rays which pass through the sample without 
interaction are weakened by a semi-transparent beam stop before detection, while those 
X-rays scattered from the periodic lattice planes are recorded as a scattering pattern. The 
position of the scattered X-rays is either recorded as a function of the scattering angle (θ 
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/ degree) or given as the scattering vector (q / nm-1). The scattering angle θ and q-value 
are correlated through the equation:  
q·λ = 4π·sinθ 
Combining with Bragg’s law, the lattice-plane-distance d can be calculated by the 
Bragg equation: 1   
d = (2π/q)·n. 
 
Figure 2.2: Transmission geometry of a SAXS experiment on an anodic alumina 
membrane (AAM) and the resulting diffraction pattern indexed according to a circular 
hexagonal structure in the channels of the AAM. (Figure adapted from ref. 2.)  
For the substrate-supported film samples, the transmission geometry is not applicable 
due to the small scattering volume and the thick supporting substrate. Therefore, the 
SAXS experiments are performed in reflection mode, where the angle of incident 
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X-rays with respect to the sample surface is kept at a very low value. By varying the 
incident angle, the penetration depth of the X-rays can be tuned to probe specific 
regions of the thin film. This method is also called grazing incidence SAXS (GI-SAXS). 
The point-collimated X-ray beam is incident on the substrate-supported film and the 
scattered X-rays are recorded by a detector. Figure 2.3 illustrates the reflection 
geometry and a resulting scattering pattern of an orthorhombic structured thin film.3 The 
obtained two-dimensional scattering patterns can show reflections from lattice planes 
that are not only parallel but also tilted with respect to the substrate surface and thus 
much more information about the structure can be obtained than from one-dimensional 
diffraction patterns.  
2D-SAXS patterns were collected by the SAXSess system from Anton Paar, in 
combination with a CCD detector system (Roper Scientific). Additionally, 1D scattering 
patterns were measured on a Bruker D8 Discover with a LynxEye detector. The 
wavelength of the incident beam was 0.154 nm (Cu-Kα) on both instruments. 
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Figure 2.3: Reflection geometry of the SAXS experiment on a substrate-supported film 
and a resulting pattern indexed according to an orthorhombic mesostructure. The 
reflections are doubled due to diffraction of the incident beam reflected at the film 
substrate interface. (Figure adapted from ref. 3.)  
2.2. Electron Microscopy 
Electron microscopes, as the name implies, use a beam of electrons focused by 
magnetic lenses to illuminate a specimen and produce a magnified image. As the 
electrons have wavelengths that are much shorter than those of visible photons, electron 
microscopes are able to achieve magnifications of up to one million and more. 
Therefore, electron microscopes are frequently used to obtain structural and 
compositional information on the nanoscale. Typically, the electrons are emitted by an 
electron gun, commonly fitted with a tungsten filament cathode as the electron source. 
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The electron beam is accelerated by an anode and focused onto the specimen by 
electrostatic and/or electromagnetic lenses. Electron microscopes generally work under 
high vacuum conditions, in order to avoid beam extinction caused by electron collision 
with gas molecules. There are different types of electron microscopes. In the following, 
the concepts behind the scanning electron microscope (SEM) and the transmission 
electron microscope (TEM) will be described in more detail.  
2.2.1. Scanning Electron Microscopy (SEM)  
The Scanning Electron Microscopy (SEM) produces magnified images by probing the 
surface of a sample with a focused electron beam which is scanned across a selected 
sample area (raster scanning). The SEM technique can provide valuable information 
about the sample morphology, surface topology and composition of the observed 
material. In SEM, the electron beam typically has an energy ranging from 0.2 keV to 40 
keV. Once the electron beam interacts with the sample, it loses energy that is converted 
into alternative forms such as heat, light emission, X-ray emission, as well as emission 
of secondary electrons and backscattered electrons. 4 The converted energy can be 
detected by specialized detectors and in most SEMs secondary electron detectors are 
used to produce final images. A schematic representation of a SEM setup is shown in 
Figure 2.4. 
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Figure 2.4: Schematic representation of a scanning electron microscope (SEM) equipped 
with a secondary electron detector, an X-ray detector as well as a backscattered electron 
detector. (Figure adapted from ref. 5.) 
Magnification in an SEM can be adjusted from about 10 to 500,000 times. Unlike 
optical and transmission electron microscopes, the magnification of an image produced 
by the SEM is not a function of the power of the objective lens which is used to only 
focus the electron beam but not to image the specimen.6 In SEM, magnification results 
from the ratio of raster’s dimension on the display device to the raster’s dimension on 
the specimen. Assuming the display screen has a fixed size, higher magnification results 
from reducing the size of the raster scan on the specimen.  
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2.2.2. Transmission Electron Microscopy 
Transmission electron microscopy (TEM) provides a much higher resolution than SEM, 
and can facilitate the analysis of features at the atomic scale by using an electron beam 
that has energy in the range of 40 to 400 keV. Unlike SEM which produces images by 
collecting electrons ejected from or near the surface of the sample, the TEM records 
images by collecting electrons that are transmitted through the sample. Therefore, 
specimens for TEM analysis have to be very thin (typically below 100 nm) to allow the 
electrons to pass through the sample. To obtain a thin specimen from a bulk material, 
common procedures for sample preparation involve cutting the sample into a thin piece 
with a diamond saw followed by dimple grinding and ion-beam excavation/milling. The 
electron beam is focused onto a region close to the border of the excavated hole, where 
the specimen has a thickness of only tens of nanometers. The transmitted electrons are 
first focused by the objective lens to form a magnified ‘image’ which is further 
magnified by the projective lenses to create the final image that can be detected by a 
fluorescent screen or by a CCD (charge-coupled device) (Figure 2.5). 
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Figure 2.5: Schematic illustration of transmission electron microscopy, containing four 
main parts - electron source, electromagnetic lens system, specimen holder and imaging 
system. (Figure adapted from ref. 7.)  
A special mode of operation of a TEM is the so-called scanning transmission electron 
microscopy (STEM) mode. Here, the electron beam is focused into a narrow spot which 
scans over the sample, and the electrons that go through the sample are detected at a 
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certain scattering angle. A commonly used detector in STEM is the high angle annular 
dark field (HAADF) detector which detects the electrons scattered at higher angles. The 
contrast of such an HAADF image is approximately proportional to the square of the 
atomic number. Thus, by using the HAADF-STEM imaging technique on 
mesostructured materials, the contrast between the mesopores and the framework can be 
highly enhanced compared to conventional TEM. 
In this thesis, TEM measurements were made with a JEOL JEM 2011 at an acceleration 
voltage of 200 kV or with a FEI TITAN 80-300 microscope at an acceleration voltage 
of 300 kV. HAADF-STEM images were also recorded using the TITAN 80-300 
microscope at an acceleration voltage of 300 kV. 
2.2.3. Elemental analysis (EDX, EELS) 
Energy-dispersive X-ray spectroscopy (EDX) is a technique used to obtain a localized 
elemental analysis by measuring the X-ray spectra emitted from a specimen bombarded 
with a focused electron-beam. When an electron beam strikes a specimen, electronic 
transitions can occur, which results in the emission of X-rays. Due to the unique 
electronic structure of each element, the corresponding emitted X-rays can be used to 
identify one element from another. An energy-dispersive spectrometer is used to detect 
the number and energy of the generated X-rays, which provides information on the 
elemental composition of the observed specimen. 
Electron energy loss spectroscopy (EELS) is often carried out as a technique 
complementary to the EDX analysis. EELS is an absorption spectroscopy with which 
we measure the energy loss of the incident electrons following transmission through a 
2. Characterization  
 
40 
thin specimen. The electron energy loss signals are directly collected with a 
spectrometer positioned under the specimen. With EELS, it is possible to analyze the 
elemental composition of the sample and in addition, it can also determine the electronic 
structure, chemical bonding, valence and conduction band electronic properties. 8 
It is possible to obtain both EDX and EELS spectra with electron microscopes, resulting 
in a direct correlation of the morphology with the qualitative or quantitative data about 
the elements present in the sample. 
EELS and EDX analysis in this thesis were obtained with the FEI Titan 80-300 electron 
microscope operated at an acceleration voltage of 300 kV. 
2.3. Nitrogen Sorption Measurements  
The adsorption and desorption of gas molecules on the surfaces of solid materials is a 
commonly used method for the characterization of porous materials.9-10 The process of 
adsorption and desorption is usually recorded in the form of sorption isotherms, which 
are plots of the molar amount of adsorbate versus the relative pressure of the adsorptive 
p/p0 (p is the equilibrium pressure, p0 is the saturation pressure) at constant temperature. 
From the isotherms, information about the porosity of the material can be obtained, e.g., 
surface area, pore volume and pore size distribution.  
According to IUPAC, the majority of sorption isotherms are grouped into six types 
shown in Figure 2.6.11 Based on the experimentally obtained isotherm, one can classify 
the observed material as microporous (pore size below 2 nm), mesoporous (pore size 
between 2 nm and 50 nm) and macroporous (pore size ≥ 50 nm) materials.  
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Figure 2.6: Six types of sorption isotherms defined by IUPAC. (Figure adapted from 
ref. 11.) 
Mesoporous materials usually show the type IV isotherms. A frequently observed 
feature of the Type IV isotherm is its hysteresis loop, which is associated with capillary 
condensation taking place in mesopores. Some mesoporous materials, in which the 
interaction between the gas molecules and the porous material is rather weak, are of 
type V. From such sorption measurements, the porosity of the material such as surface 
area, pore volume and pore size can be obtained either with calculations derived from 
classical thermodynamics or with more modern theories based on density functional 
theory (DFT) or Monte-Carlo methods. 
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For the determination of the surface area, the Brunauer-Emmett-Teller (BET) theory is 
widely used.12-13 The BET theory explains the multilayer adsorption of gas molecules 
on a solid surface which is based on the following hypotheses: 
(a) there are no interactions between adsorptive molecules in a layer;  
(b) the adsorption enthalpy for all layers is the same except the first layer, where the 
enthalpy is based on interactions between the solid material and the gas molecules;  
c) at saturation pressure, the number of adsorbed layers becomes infinite.  
Using this theory, the surface area of the material can be calculated from the number of 
adsorbed molecules in the first monolayer. Then the specific surface area of the 
observed material can be obtained through the following equation 
as (BET) = amn · L· am/m 
Where amn  is the monolayer capacity, m is the mass of the solid material, L is the 
Avogadro constant, and am is the cross-sectional area of the adsorbed gas molecule. 
For the evaluation of the pore-size-distribution (PSD) of mesoporous materials, besides 
the BJH (Barret-Joyer-Halenda) approach which is based on the modified Kelvin 
equation,14-15 another quite often used method is based on density functional theory 
(DFT).16 Using this theory, a “kernel” is created which consists of hundreds of 
theoretical, individual isotherms and is used to compare with the experimental isotherm 
in order to calculate the PSD. For mesoporous organosilica materials, a silica-DFT kernel 
is quite often used for the PSD analysis.  
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Another parameter needed to indicate the porosity is the pore volume. It can be calculated 
from the amount of adsorbate at a value of p/p0 close to 1, since at this point all the pores 
in the material are filled. 
In this thesis, the sorption experiments were performed with N2 as adsorptive at its 
boiling point of 77 K. The measurements were carried out with a NOVA 4000e Surface 
area & Pore Size Analyzer or an Autosorb-1 by Quantachrome Instruments. All samples 
were outgassed at 150 °C for 12 hours prior to measurement. 
2.4. Nuclear Magnetic Resonance Spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy is applied to determine the physical 
and chemical properties of atoms or the molecules containing these atoms.17-18 This 
technique relies on the phenomenon that atomic nuclei of many elemental isotopes have 
characteristic spin and behave like small magnets that will align themselves with an 
external magnetic field. Through exploiting the quantum mechanical magnetic properties 
of certain atomic nuclei, NMR spectroscopy can provide detailed information about the 
chemical structure, reaction state and chemical environment of molecules.19 Specifically, 
when a sample that contains nuclei possessing spin is placed into a magnetic field and is 
subjected to a proper radiofrequency (rf) radiation, the atomic nuclei in the lower energy 
spin state can be excited to the higher energy spin state. The frequency of the rf radiation 
at which this excitation occurs normally depends on the type of nucleus and also on the 
chemical environment of the nucleus.20 Since the energy difference between the two spin 
states is proportional to the strength of the external magnetic field, an NMR spectrum for 
a sample can be obtained by varying the magnetic field at a constant frequency of rf 
radiation or by varying rf radiation with the magnetic field kept constant. 
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For a solid-state sample in which molecules have no or little mobility, the chemical shift 
anisotropy and the inter-nuclear dipolar coupling could lead to a phenomenon of line 
broadening in the NMR spectra. One common technique to eliminate this anisotropic 
effect is the fast rotation of the sample at an angle of 54.7° relative to the electric field, 
i.e., magic-angle spinning nuclear magnetic resonance (MAS-NMR).21 In the case of 
liquid-state NMR experiments, Brownian motion of the molecules leads to an averaging 
of anisotropic interactions, thus limiting the line broadening effects.  
In this thesis, the solid-state 13C and 29Si NMR measurements were performed using a 
Bruker Avance III 500 spectrometer which has a magnetic field of 11.74 T (resonance 
frequencies of 99.4 and 125.8 MHz for 29Si and 13C NMR, respectively). 
2.5. Ultraviolet - visible Spectrophotometer 
Ultraviolet-visible (UV-Vis) spectrophotometry is a technique used to investigate the 
ability of a compound to absorb light in the visible, near-UV and near-infrared ranges of 
the electromagnetic spectrum, i.e., typically at least a range of 800 - 200 nm is covered. 
The absorption behavior of a molecule relies on its ability to undergo electronic 
transitions, i.e., electrons in the molecule can be excited from the ground state to a higher 
energy level with absorption of a certain light energy. Accordingly, a UV-Vis spectrum is 
a record of the absorbed intensity changing with the wavelength of light.22-24  
The UV-Vis spectrometer can be used for both qualitative and quantitative investigations 
of the samples. The extent of the absorption is proportional to the amount of the species 
absorbing the light. This linear relationship between the absorbance and concentration of 
an absorbing species is based on the Beer-Lambert Law which is described as follows: 
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A = * b * c 
Where A is the measured absorbance, it can also be calculated as A = -log (I /I0), where I0 
is the intensity of the incident light and I is the light intensity after it passes through the 
sample;  is a constant known as the wavelength-dependent molar absorptivity; b is the 
path length of the light in the sample; c is the concentration of the species absorbing the 
light. 
In this thesis, UV-Vis absorption of solutions and films were determined by a Hitachi 
U-3501 UV-Vis spectrophotometer. In this double-beam spectrometer, a tungsten lamp 
or a deuterium lamp are used as the light source. A monochromator is employed for 
separating light of different wavelengths. The monochromatic light is then divided into 
two beams with a half mirror so that one passes through the sample and the other is used 
as reference which is unavailable with the single beam spectrometer. The difference of 
light intensity between reference and sample beam can be detected by a photomultiplier 
and finally is output as absorbance. 
2.6. Fluorescence Spectroscopy  
Fluorescence spectroscopy is a type of electromagnetic spectroscopy which is used to 
obtain fluorescence emitted from a sample and analyze the excited electronic states 
existing in the investigated species.  
In fluorescence spectroscopy, by absorbing a photon a molecule is first excited from its 
ground electronic state (a low energy level) to one of the various vibrational states in a 
higher electronic energy level. The excited molecule rapidly loses vibrational energy 
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due to collision with its environment and falls initially to the lowest vibrational state of 
the excited state. Then the molecule drops back to the ground state and emits a photon 
in this process, which results in the fluorescence emission (illustrated in Figure 2.8).25-26 
At a given excitation wavelength, the plot of emission intensity against wavelength of 
light is known as the fluorescence emission spectrum. 
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Figure 2.8: Energy levels and electronic transitions of the excitation and emission 
processes; Gs and Es stand for ground state and excited state, respectively. 
In this thesis, Fluorescence spectra were recorded with a fluorescence spectroscopy 
system (PTI 814 from Photon Technology international), excitation was achieved with a 
xenon arc lamp. 
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2.7. External Quantum Efficiency 
In the context of photovoltaic systems, quantum efficiency (QE) is an important 
measurement for a photoactive device as it gives information on the current that a given 
device will produce when illuminated by light with a particular wavelength. 
With optoelectronic devices, one often measures the external quantum efficiency (EQE), 
which is the ratio of the number of charge carriers collected outside the device to the 
number of incident photons. Once a photon has been absorbed and has generated an 
electron-hole pair in the device, these charges can be separated at the electron 
donor-acceptor junction and collected as current. The EQE behavior therefore is a 
collective measurement of light harvesting, charge separation and charge collection 
efficiencies. EQE is often measured over a range of different wavelengths to characterize 
a device's efficiency at each photon energy. 
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3. Hierarchically Structured Biphenylene-Bridged 
Periodic Mesoporous Organosilica 
This chapter is based on the following publication: 
Yan Li, Andreas Keilbach, Marcel Kienle, Yasutomo Goto, Shinji Inagaki, Paul 
Knochel, and Thomas Bein, Jounal of Materials Chemistry, 2011, 21 (43), 
17338-17344. 
3.1. Introduction 
The synthesis of periodic mesoporous organosilica (PMO) materials has attracted much 
interest since their discovery in 1999.1-3 These materials can be synthesized from 
alkoxysilyl precursors (RO)3SiR’Si(OR)3 in the presence of surfactants such as 
tetraalkylammonium halides or nonionic copolymers acting as structure directing 
agents. To date, numerous organic groups such as ethylene, thiophene, benzene, 
biphenylene, naphthalene, or divinylbenzene have been successfully incorporated in the 
framework of PMOs.4-6 By varying the organic linker group R’, mesostructured 
materials tailored towards specific applications can be prepared. Such applications 
include catalysis,7 adsorbents,8 optical9-10 and electrical devices.11 Recently, several 
PMO materials with optical properties have been reported, and among them, PMO thin 
films show interesting potential for use as fluorescent materials.12-15 For example, Goto 
et al. investigated the fluorescence properties of aromatic-bridged PMO films and found 
that biphenyl-bridged PMO exhibited exceptionally high fluorescence quantum yield 
(0.45) compared with benzene-, naphthalene-, and anthracene-bridged PMO films 
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(0.03-0.09).12 A number of studies on biphenyl-bridged PMOs in powder form have 
been published.16-23 Biphenyl-bridged PMO was also reported to exhibit excellent 
light-harvesting antenna properties24 and to be applied to photocatalysis systems for 
hydrogen evolution from water25 and CO2 reduction to CO.26 
As the biphenyl-bridged PMO materials have such promising catalytic and optical 
properties, preparing biphenyl PMO as films on surfaces or at interfaces would be 
beneficial for applications in fields such as nanoscale catalysts, gas sensors, and optical 
devices. In thin films, which are usually prepared on glass or silicon substrates, the 
alignment of the mesopore channels is most often parallel to the substrate surface.12, 27 
However, for certain electrical or optical devices, further control over the mesopore 
orientation would be desirable.28-29 Thus, there have been great efforts during the past 
years to control the mesoporous domain size and orientation in mesoporous systems. 
These efforts include application of external electric30-31 or magnetic fields32-33, or use 
of chemically34-35 or lithographically29 treated substrates. Among those methods, a 
feasible approach is to utilize anodic alumina membranes (AAMs) as host for 
mesoporous materials. For example, by incorporating mesostructured silica into the 
large channels of AAM, vertical alignment of the mesopores relative to the alumina 
membranes was achieved.36-39 Moreover, these types of hierarchical nanostructures can 
offer significant advantages over self-supporting thin films, such as higher mechanical 
stability and high aspect ratios of the mesophase system. While inorganic mesoporous 
silica has been studied extensively in the confinement of AAM pores,36-42 there are only 
a few reports on the synthesis of mesoporous organosilicas confined in AAM channels. 
Some of us have recently reported the synthesis of ethane-bridged PMO in anodic 
alumina membranes.43 The observed mesophases include the 2D hexagonal circular, the 
lamellar, and the cubic Im-3m phase. They are – except for the lamellar phase – stable 
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against surfactant removal by solvent extraction or mild calcination protocols. It turned 
out to be far more challenging to obtain ordered mesostructures of siloxane precursors 
with the larger biphenylene bridges. This type of precursor shows low solubility and a 
high hydrolysis rate leading to almost instant precipitation under common synthesis 
conditions. While there are only few reports on biphenylene-bridged PMO (Bp-PMO) 
thin films in the literature, we note that Bp-PMO thin films made with the ionic 
surfactant CTAB can show high order and stability.44-45 However, thin films synthesized 
with block co-polymers under acidic condition are usually not very stable against 
surfactant removal and are not highly ordered.12 Given the favorable interaction of silica 
species with AAM channel walls found in inorganic silica/AAM systems, we reasoned 
that combining the biphenyl PMO system with AAMs might lead to different phase 
behavior and phase stability and thus open the way to designing novel hierarchical 
nanosystems which might move us closer to the application of Bp-PMO materials as 
optoelectronic devices. 
In this study, we successfully synthesized highly ordered and stable Bp-PMO materials 
within AAM host systems. The synthesis was based on the evaporation-induced 
self-assembly (EISA) process.46 Thus, 4, 4’-bis(triethoxysilyl)biphenyl (BTEBP) was 
used as organosilica source in combination with CTAB and F127 as structure directing 
agents. The resulting hierarchical Bp-PMO systems were characterized by small angle 
X-ray scattering (SAXS), transmission electron microscopy (TEM), nitrogen sorption 
and nuclear magnetic resonance (NMR) spectroscopy. In contrast to Bp-PMO thin 
films, which were reported to be not highly ordered and also electron beam-sensitive,12 
Bp-PMO confined within AAM channels was found to be stable against calcination 
temperatures of up to 250 °C. The composite materials also showed good stability in the 
electron beam of the electron microscope. Furthermore, all the oriented Bp-PMO/AAM 
3. Hierarchically Structured Biphenylene-Bridged Periodic Mesoporous Organosilica 
 
54 
hierarchical materials showed fluorescence due to the existence of biphenyl 
chromophores in the stable organosilica framework. 
3.2. Experimental Section 
3.2.1. Synthesis of siloxane precursor  
4,4’-bis(triethoxysilyl)biphenyl (BTEBP) was synthesized according to a procedure 
reported by Shea et al.47 A dry and argon-flushed Schlenk-flask, equipped with a 
magnetic stirring bar and a septum, was charged with 4,4’-diiodobiphenyl (8.12 g, 20 
mmol) and 40 mL THF. After cooling to 0 °C, iPrMgCl·LiCl (33.2 mL, 1.32 M in THF, 
44 mmol) was added dropwise and stirred for 0.75 h. Then, the reaction mixture was 
cannulated to neat Si(OEt)4 (20.8 g, 100 mmol) at 0 °C under argon. The mixture was 
allowed to warm up to 25 °C within 1.5 h. The crude reaction mixture was diluted with 
pentane (250 mL) and washed with NH4Cl solution (5 %, 100 mL). The organic layer 
was dried (MgSO4), filtered, and concentrated under reduced pressure. Purification by 
flash chromatography (pentane/Et2O, 9:1) yielded 4,4’-bis(triethoxysilyl)biphenyl (3.92 
g, 41 %) as a colorless oil. IR (ATR) ν (cm-1) = 2974, 2925, 2886, 1600, 1389, 1295, 
1165, 1128, 1094, 1070, 1004, 956, 807, 776, 732. 1H-NMR (300 MHz, CDCl3) δ = 
7.74 (d, 3J(H,H) = 8.3 Hz, 4H, ArH), 7.62 (d, 3J(H,H) = 8.3 Hz, 4H, ArH), 3.89 (q, 
3J(H,H) = 7.0 Hz, 12H, 6 x CH2CH3), 1.26 (q, 3J(H,H) = 7.0 Hz, 18H, 6 x CH2CH3). 
13C-NMR (75 MHz, CDCl3) δ = 142.7, 135.3, 129.9, 126.6, 58.8, 18.3. HRMS (EI, 
m/z): calc. for [C24H38O6Si2] 478.2207, found: 478.2202. 
3. Hierarchically Structured Biphenylene-Bridged Periodic Mesoporous Organosilica 
 
55 
3.2.2. Preparation of bipenylene-bridged PMO in AAM channels  
The synthesis of Bp-PMO confined in AAM channels was achieved by the 
evaporation-induced self-assembly (EISA) approach. Whatman Anodiscs (47 mm and 
25 mm diameter, nominal pore diameter 0.02 µm) were used as porous alumina 
substrates. SEM measurements showed that these membranes have an effective pore 
diameter between 150 and 250 nm. 4, 4’-bis(triethoxysilyl)biphenyl (BTEBP) served as 
organosilica precursor. The ionic surfactant cetyltrimethylammonium bromide (CTAB, 
Aldrich) as well as nononic triblock co-polymer Pluronic F127 (Aldrich) were used as 
structure directing agents (SDA). All chemicals were used without further purification. 
In the following, the samples are named with the used surfactant followed by the 
description of formed mesostructure, e.g. CTAB-columnar-lamellar indicates that the 
Bp-PMO within AAM channels is synthesized using CTAB as template and that it has a 
mesophase mixture of 2D-hexagonal columnar and lamellar structure. 
For the preparation of CTAB-columnar-lamellar sample, 0.060 g (0.125 mmol) 
precursor BTEBP was mixed with 0.6 g of a 3.5 wt% ethanolic solution of CTAB 
(0.060 mmol) and stirred for 10 min. Then, 0.016 g (0.900 mmol) distilled H2O was 
added and the solution was stirred for an additional 10 min. Next, 2.75 µL of 0.1 M HCl 
(2.75 × 10-4 mmol) were added and the resulting solution was stirred for another 2 h. 
Finally, the AAM was placed on a Teflon plate and soaked with the above-prepared 
precursor solution by distributing 0.75 ml of the solution over the whole membrane 
surface (47 mm diameter). During the EISA-process, the ambient conditions were kept 
at 45-55% relative humidity and 25 °C.  
For the preparation of the F127-circular hexagonal sample, the following, slightly 
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altered protocol was used. First, Pluronic F127 (0.024 g, 0.002 mmol), ethanol (0.459 
g), distilled H2O (0.036 g, 2.0 mmol), and 1 M HCl (2.63 µL, 2.63 × 10-3 mmol) were 
added into a small glass vial and stirred for 1 h. Then, 0.060 g BTEBP (0.125 mmol) 
was added to this solution and stirred for 3 min. Afterwards, a volume of 0.2 mL of the 
above prepared solution was cast onto the AAM surface (25 mm diameter) and left to 
dry. During this EISA-process, the ambient conditions were kept at 25-28% relative 
humidity and 25 °C. The synthesis conditions of the F127-cubic sample followed the 
same protocol as above with the exception that 0.0024 g LiCl (0.056 mmol) was 
additionally added to the F127 solution and only 0.10 ml of solution were cast onto the 
AAM surface (25 mm diameter). 
If samples were calcined, the heating rate was 0.5 °C /min below 200 °C and 0.25 °C 
/min from 200 °C to 250 °C. The annealing periods were 5 h at 120 °C, 5 h at 200 °C 
and finally 10 h at 250 °C. 
3.2.3. Characterization 
The samples were characterized with 2D small-angle X-ray scattering (SAXS) using the 
SAXSess system by Anton Paar in combination with a CCD detector system (Roper 
Scientific). The wavelength of the incident beam is 0.1541 nm (Cu Kα), the 
sample-detector distance was set to 308 mm. Samples were measured with a tilt angle of 
10° with respect to the primary beam. Transmission electron microscopy (TEM) was 
performed using a JEOL 2011 with an acceleration voltage of 200 kV. Nitrogen 
sorption measurements were carried out at -196 °C using an Autosorb-1 by 
Quantachrome Instruments and before the measurements, the samples were degassed at 
150 °C for 12 h in vacuum. The Brunauer-Emmett-Teller (BET) surface area was 
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calculated using experimental points at a relative pressure range of p/p0 = 0.05-0.20. 
The total pore volume was calculated by the N2 amount adsorbed at the point of p/p0 = 
0.95. DFT pore size distributions were calculated using an SiO2 kernel assuming a 
cylindrical pore geometry for the F127-circular hexagonal sample and a cylindrical / 
sphere pore geometry for the F127-cubic sample. Solid-state 13C and 29Si NMR 
experiments were performed on a Bruker Avance-Ш 500 spectrometer (11.7 Tesla) 
operating at frequencies of 125.8 MHz for 13C and 99.4 MHz for 29Si. 
13C{1H} CP-MAS spectra were acquired using a 90° pulse length of 2.5 μs (-1.84 dB) 
with cross-polarization contact time of 2 ms and a recycle delay of 5 s. 
29Si{1H} CP-MAS experiments were conducted using a 90° pulse length of 2.5 μs 
(-1.84 dB) with cross-polarization contact time of 5 ms and a recycle delay of 2 s. The 
fluorescence spectra were measured with a fluorescence spectroscopy system (PTI 814 
from Photon Technology international) with a xenon arc lamp. 
3.3. Results and Discussion 
3.3.1. CTAB-columnar-lamellar Bp-PMO  
Using the ionic surfactant cetyltrimethylammonium bromide CTAB as structure 
directing agent, a phase mixture of the hexagonal columnar and the lamellar phase was 
obtained within the AAM channels. This can be contrasted to our previous results on 
CTAB/ethane-bridged PMO/AAM composites that form a 2D-hexagonal circular 
mesophase.43 This difference could be related to the different character of the organic 
bridges of the siloxane precursor, such as the hydrophobicity, the flexibility and the size 
of the bridges, which might lead to different interactions between the SDA (structure 
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directing agents) and the organosilane precursor and thus lead to the formation of 
different mesophases. 2D small angle X-ray scattering (2D-SAXS) and transmission 
electron microscopy (TEM) were performed to characterize the mesostructure of the 
CTAB-columnar-lamellar system. The 2D-SAXS diffraction pattern for this confined 
Bp-PMO system (Figure 3.1A) shows only in-plane diffractions that correspond to 
either the hexagonal columnar phase or lamellar structure. 
 
Figure 3.1: A) 2D-SAXS pattern and B) plan-view TEM micrograph of as-prepared 
CTAB-columnar-lamellar sample representing a mesophase mixture of the columnar 
and lamellar structure. 
The observed d-spacing covers a wide range from 3.7 nm to 5.2 nm. According to 
previous studies, it is generally possible to distinguish between in-plane diffraction 
corresponding to the hexagonal phase or to the lamellar structure, as their d-values 
differ by a factor sin(120°).40 The diffraction spots corresponding to a larger d-spacing 
(closer to the primary beam) can be assigned to the lamellar phase, and the smaller 
d-spacing is assigned to the columnar phase, respectively. Additionally, TEM 
micrographs of the as-prepared CTAB-columnar-lamellar Bp-PMO system confirm the 
formation of the phase mixture of columnar and lamellar structures. Plan-view TEM 
micrographs of such samples show that the lamellar phase is preferentially located at the 
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AAM channel wall surrounding the columnar hexagonal phase in the center of the 
channel (Figure 3.1B). Because of the lamellar structure existing in the system, the 
mesophase of the CTAB-columnar-lamellar system is not stable after surfactant removal 
due to the lack of 3-dimensional connection of the lamellar phase. In this case, 
obtaining good micrographs was difficult because of the shrinkage of the lamellar 
structure caused by electron beam irradiation (Figure 3.2). 
 
Figure 3.2: Plan-view TEM micrograph of the CTAB-columnar-lamellar Bp-PMO 
sample, demonstrating the significant shrinkage of the structure due to the existence of a 
lamellar phase. 
3.3.2. F127-circular Bp-PMO 
A second mesophase configuration was realized by using the nonionic surfactant 
pluronic F127 as structure directing agent. Bp-PMO with a 2D-hexagonal circular 
mesostructure was formed in AAM channels. The diffraction pattern recorded from 
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2D-SAXS measurements (Figure 3.3A) for the as-prepared F127-circular sample shows 
both in-plane and out-of-plane reflections that can be assigned to a circular hexagonal 
structure.42-43 In order to obtain an open pore system, the sample was calcined in air at 
250 °C for 10 h to remove the surfactant template molecules from the mesophase. After 
calcination, the F127-circular-250 Bp-PMO (F127-circular sample calcined at 250 °C) 
features a highly ordered mesostructure as observed by 2D-SAXS (Figure 3.4A). The 
average d-spacing calculated from the diffraction pattern is 12.8 nm, which is in 
agreement with corresponding TEM results (Figure 3.4B). TEM micrographs of 
calcined samples also confirmed the preservation of the highly ordered and stable 
Bp-PMO with a minor shrinkage in the AAM channels after calcination (Figure 3.3B). 
 
 
Figure 3.3: A) 2D-SAXS pattern of an as-prepared F127-circular Bp-PMO sample and 
B) plan-view TEM micrograph showing the preservation of highly-ordered circular 
structure and minor shrinkage of the structure of a calcined sample F127-circular-250 
Bp-PMO. 
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Figure 3.4: A) 2D-SAXS pattern and B) plan-view TEM micrograph showing the 
highly ordered circular structure of a calcined sample F127-circular-250. 
The nitrogen sorption isotherms (Figure 3.5) of F127-circular-250 Bp-PMO show the 
typical type IV isotherm shape commonly observed for mesoporous materials, as well 
as a hysteresis loop. The BET surface area calculated from these isotherms is 58 m2 g-1 
and the pore volume is 0.072 cm-3 g-1 (the mass includes the AAM membrane) which 
are both similar to other previously reported values for PMO/AAM composites.43 The 
isotherm shape (hysteresis loop) suggests the existence of ink-bottle shaped pores. This 
can be confirmed by comparing the DFT pore-size distribution from the adsorption 
branch (av. pore diameter ~ 10.5 nm) and the desorption branch (av. pore diameter ~ 5 
nm), both of which show sharp pore size distributions with no significant distribution of 
the pore entrance sizes visible (Figure 3.6). 
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Figure 3.5: Nitrogen adsorption (●) and desorption (○) isotherms of the sample 
F127-circular-250 Bp-PMO with an inset showing the corresponding pore size 
distribution calculated with a DFT model from the adsorption branch. 
 
Figure 3.6: DFT pore-size distribution from the adsorption branch ( ●) and the desorption 
branch (○) of the sample F127-circular-250 Bp-PMO. 
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The 13C-MAS NMR spectrum (Figure 3.7A) shows that the biphenylene groups are 
intact in the calcined material. The four aromatic resonances and their side bands are 
consistent with the results reported for the plain Bp-PMO system.16, 19 In addition, there 
is a weak signal that can be assigned to residual F127 molecules, indicating that the 
removal of template is not yet fully completed after these calcination conditions. In the 
29Si NMR spectrum of the calcined F127-circular-250 sample (Figure 3.7B), we observe 
strong resonances with high intensity attributed to T2-silicon species (CSi(OH)(OSi)2) at 
-70.8 ppm and T3 species (CSi(OSi)3) at -78.8 ppm. We note that only a minor 
resonance appears around -99.7 ppm; this signal can be assigned to Q3 sites,48 indicating 
that most of the Si-C bonds in the framework of the Bp-PMO material are still intact 
after calcination in air at 250 °C. Compared to Bp-PMO thin films, which were reported 
to be not highly ordered and electron beam sensitive,12 the F127-circular Bp-PMO 
system within AAM channels shows a well-ordered mesopore system with high thermal 
and electron beam stability. We note that the same synthesis mixture did not result in an 
ordered mesostructure when deposited as thin film on a glass substrate. 
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Figure 3.7: A) 13C-MAS NMR and B) 29Si NMR spectra of the calcined 
F127-circular-250 Bp-PMO sample. 
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3.3.3. F127-cubic Bp-PMO 
Several recent reports have pointed to the profound impact of metal salts on the phase 
behavior of surfactant-templated mesoporous silica, which was described as 
“salt-induced phase transformation”.49-54 In an effort to study this effect in our 
Bp-PMO/AAM systems, we added inorganic salt into the synthesis solution for the 
F127-circular Bp-PMO system in order to possibly induce a transformation of the 
hexagonal circular to another mesophase. Lithium chloride was chosen as the inorganic 
additive because of its significant effect on the micellar hydration and gelation behavior 
of PEO-PPO-PEO triblock co-polymers in solution.55-56 The added LiCl indeed had a 
striking impact on the phase behavior, as the resulting PMO/AAM composites now 
showed a mesophase with cubic Im-3m orientation (body centered cubic), which is 
different from the original 2D hexagonal circular mesophase obtained without salt 
addition. The 2D-SAXS pattern of F127-cubic-200 Bp-PMO (F127-cubic sample 
calcined at 200 °C) shows the typical diffractions assigned to the cubic Im-3m phase 
(Figure 3.8A), similar to recent observations with other PMO and mesoporous polymer 
phases in AAM hosts.43, 57 The formation of cubic mesostructure was also confirmed by 
the following TEM micrographs. Plan-view TEM micrographs obtained from 
F127-cubic-200 Bp-PMO are displayed in Figure 3.8B. Two orientations, one along 
[111] (Figure 3.9A) and one along [110] (Figure 3.9B) can be observed. It is noteworthy 
that even after calcination at 200 °C, the sample shows no shrinkage, which is 
consistent with the low shrinkage of other cubic mesophases confined in AAM.43 
Another reason for the absence of shrinkage might be the added inorganic ions, which 
have been observed to increase the chemical interactions between organic silica 
mesophases and the AAM channel surface.55 
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Figure 3.8: A) 2D-SAXS pattern and B) plane-view TEM of the F127-cubic-200 
sample representing a highly-ordered cubic structure with absence of shrinkage after 
calcination at 200 °C 
 
Figure 3.9: TEM micrographs of a F127-cubic-200 Bp-PMO. A) Plan-view along the 
[111] direction and B) Plan-view along the [110] direction. 
The nitrogen sorption isotherm (Figure 3.10) of F127-cubic-250 Bp-PMO (F127-cubic 
sample calcined at 250 °C) shows the type IV shape with a broad hysteresis loop that is 
attributed to the existence of bottlenecks connecting pores in the cubic system. We 
attribute this pore-blocking situation to the incomplete removal of F127 surfactant from 
those spherical pores in the cubic system. The F127-cubic-250 sample shows a BET 
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surface area of 44 m2 g-1 and a pore volume of 0.053 cm-3 g-1, comparable with the 
values obtained from the circularly structured system F127-circular-250 described 
above. The pore-size distribution peaks at a pore diameter of 13.8 nm. The 13C and 
29Si NMR data (Figure 3.11) of the sample F127-cubic-250 Bp-PMO are consistent 
with those obtained from the sample F127-circular-250 Bp-PMO. The cubic Im-3m 
structured Bp-PMO material shows a well-ordered mesophase and thermal stability up 
to 250 °C, which is advantageous for possible applications of these Bp-PMO materials. 
 
Figure 3.10: Nitrogen adsorption (●) and desorption (○) isotherms of the 
F127-cubic-250 Bp-PMO with an inside graph showing the corresponding pore size 
distribution calculated by DFT model from the adsorption branch. 
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Figure 3.11: A) 13C-MAS NMR and B) 29Si NMR spectra of the calcined 
F127-cubic-250 Bp-PMO. 
We attribute the phase transformation from the 2D hexagonal circular phase to the 
Im-3m cubic phase upon the addition of LiCl to the following mechanism. The presence 
of Li+ ions and Cl- ions can change the micellar hydration behavior of the pluronic F127 
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solution and thus change the curvature of the micelles.55-56, 58-59 Specifically, on the one 
hand the Cl- ion has the effect of dehydrating hydrophilic groups of F127 micelles and 
thus decrease the curvature of F127 micelles. On the another hand, hydrated Li+ ions 
can form complexes with the PEO chains in the micellar corona region,58-60 which can 
enlarge the hydrophilic head groups of the F127 micelles. In general, the effect of 
hydrated Li+ is stronger than that of Cl-, such that the size of the hydrophilic head 
groups of F127 micelles can be increased, which can lead to more hydrophilic F127 
micelles with higher curvature. Thus, we propose that the body-centered cubic Im-3m 
structure with a higher micellar curvature was obtained after addition of LiCl to a 
solution that originally would result in the 2D hexagonal (circular) structure. 
3.3.4. Fluorescent properties 
Figure 3.12 shows fluorescence spectra of all the Bp-PMO phases within AAM 
channels and of a diluted solution of the BTEBP precursor. The fluorescence bands of 
all the Bp-PMO phases are shifted significantly to longer wavelengths compared to the 
emission wavelength of the diluted pure precursor solution. This emission behavior is 
consistent with that of the Bp-PMO thin film on quartz surfaces reported by Goto et 
al.,12 indicating strong electronic interactions between the aromatic biphenyl groups that 
exist in the Bp-PMO phases in the AAM channels. 
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Figure 3.12: Fluorescent spectra (excited at 266 nm) of as-prepared Bp-PMO phases 
within AAM channels and a diluted BTEBP precursor solution in isopropanol (10-5 M) 
(The intensities are not to scale). 
3.4. Conclusions 
In summary, different PMO mesophases based on the biphenylene-bridged ethoxysilane 
BTEBP were successfully synthesized through an evaporation-induced self-assembly 
(EISA)-process within the pores of anodic alumina membranes. Depending on the 
surfactant used, different mesophases (Bp-PMO) could be observed. Using CTAB as 
the structure-directing surfactant, 2D-SAXS experiments and TEM images showed that 
a phase mixture of 2D-hexagonal columnar and the lamellar mesostructure was formed 
(sample CTAB-columnar-lamellar Bp-PMO). The lamellar phase appears to be 
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preferentially located close to the alumina walls, while the hexagonal columnar phase is 
dominant in the center of the channels. This result contrasts with earlier findings for 
CTAB/ethane-bridged PMO/AAM composites, where a hexagonal circular phase was 
the only mesophase obtained. When using the block co-polymer F127 as structure 
directing agent, the hexagonal circular PMO structure was found in the confined 
environment of the AAM pores. The addition of LiCl to the precursor/F127 solution 
leads to a striking structural transformation from the hexagonal circular to the body 
centered cubic (Im-3m) mesophase.  The resulting composites with circular and cubic 
mesophases were both structurally stable against calcination in air at temperatures of up 
to 250 °C, which was also confirmed by 13C and 29Si NMR measurements. All the 
prepared Bp-PMO/AAM hierarchical nanostructures showed fluorescence due to the 
biphenyl chromophores in the organosilica framework. The energy shift of the 
fluorescence emission with respect to the precursor molecules points to strong 
electronic interactions of the chromophores in the confined organosilica network. We 
therefore anticipate that the stable and oriented Bp-PMO/AAM composites and similar 
ordered chromophore-containing mesoporous hierarchical nanostructures will offer 
promise as optoelectronic systems. 
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4. Formation of Hexagonal and Cubic Fluorescent 
Periodic Mesoporous Organosilicas in the Channels of 
Anodic Alumina Membranes 
4.1. Introduction 
Mesoporous organic-inorganic compounds are attractive materials due to their 
capability of combining the advantages of organic and inorganic building blocks in a 
single material. These hybrid porous materials feature the versatile functionalities of the 
organic molecules as well as thermal stability and mechanical robustness of the 
inorganic parts.1 Periodic mesoporous organosilicas (PMOs) are such a class of hybrid 
materials with organic units directly incorporated into the mesoporous silica pore walls, 
which have attracted much interest since their initial discovery in 1999.2-4 The method 
to obtain such mesostructured hybrid materials is by polycondensation of alkoxysilane 
precursor molecules in the presence of structure directing agents (e.g., surfactants such 
as tetraalkylammonium halides or nonionic copolymers). The noteworthy point of the 
PMO materials is the successful integration of versatile organic groups in their pore 
walls, such as alkyl, double bonded or aromatic systems.5-8 The resulting functional 
porous materials can interact in different ways with guest molecules that reside in the 
pores, leading to potential applications of PMOs as catalysts,9-10 adsorbents,11-12 and 
optical13-16 systems. During recent years, great efforts have been made towards 
developing novel PMOs with photoactive or electroactive functions within their 
frameworks.17 Recently, a novel PMO material was reported with 
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oligo(phenylenevinylene) molecules incorporated in the pore walls and was found to be 
charge-conducting (its charge carrier mobility was on the order of 10-5cm2V-1s-1).18 This 
reported PMO was synthesized as film material on flat substrates. The synthesized film 
had mesopores with diameter of 2.4 nm and possessed a hexagonal packing of the 
mesochannels judged by indexing the diffraction peaks in the X-ray diffraction pattern. 
However, direct imaging of such a PMO film by electron microscopy was difficult due 
to the collapse of the mesostructure under electron-beam irradiation. Therefore, 
improving the stability of such PMO material, tuning the mesopore size and controlling 
the mesochannel orientation remain as major issues for further developing its potential.    
In order to realize control over the domain size and orientation of mesoporous systems, 
there have been great efforts during the past years, including application of external 
electric19-20 or magnetic fields21-22, or use of chemically23-24 or lithographically25 treated 
substrates. Moreover, an alternative strategy uses confinement in anisotropic hosts such 
as porous anodic alumina membranes (AAMs).26 The resulting mesoporous composites 
were reported to be able to offer high mechanical and thermal stability due to the 
support of the alumina host. Furthermore, the confinement effects can lead to enhanced 
control over the resulting mesophase morphologies, with the possibility to realize large 
single-phase domains and high aspect ratios of mesoporous systems.27-33 Given the 
favorable interaction of silica species with AAM channel walls found in inorganic 
silica/AAM systems, we reasoned that combining PMO systems with porous AAM 
might lead to different phase behavior and phase stability, thus improving the quality of 
PMO materials and meanwhile opening the way to designing novel hierarchical 
nanosystems. Based on our previous work on PMO/AAM composite systems,34-35 the 
present study focuses on the synthesis of the reported charge-conducting PMO within 
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the confinement of AAM channels to achieve a new hierarchical PMO/AAM 
nanosystem which might move us closer to the application of PMO systems in 
optoelectronic devices.  
In this study, 1,3,5-tris(4-triethoxysilylstyryl)benzene (a three-armed 
oligo(phenylenevinylene) organosilane compound, denoted as 3a-OPV) was used as 
organosilica source to form PMO materials with Pluronic  F127 or F108 as structure 
directing agents. Through a modified evaporation-induced self-assembly (EISA) 
process,36 highly ordered and stable 3a-OPV-PMO materials were successfully 
synthesized within AAM host systems. The resulting hierarchical 3a-OPV-PMO/AAM 
systems were found to be stable against thermal treatment at temperatures of up to 200 
°C and also stable in the electron beam of an electron microscope. The pore diameters 
of the PMO materials were around 10 nm due to the large sizes of the structure directing 
agents. With such large pore sizes, the resulting PMO materials offer compatibility with 
many other guest molecules, i.e., the mesochannels of PMOs can accommodate large 
molecules such as photo-reactive precursors or charge-transporting molecules, so that 
these PMO materials could offer potential for applications in photocatalytic and 
photovoltaic fields. Furthermore, all the 3a-OPV-PMO/AAM hierarchical materials 
showed fluorescence in the visible region due to the strongly interacting 
phenylenevinylene chromophores in the stable organosilica frameworks.  
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4.2. Experimental Section 
4.2.1. Preparation of 1,3,5-tris(styryl)benzene-bridged PMO in AAM 
channels 
The synthesis of PMO confined in AAM channels was achieved by the 
evaporation-induced self-assembly (EISA) approach. Whatman Anodiscs (47 mm 
diameter, 60 µm thickness, 150~250 nm pore diameter) were used as porous alumina 
substrates. 1,3,5-tris(4-triethoxysilylstyryl)benzene (3a-OPV) (Scheme 4.1) served as 
organosilica precursor (provided by Toyota Central R&D Laboratories Inc., Japan). 
Triblock co-polymer F127 (poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene 
oxide), EO106PO70EO106, Sigma-Aldrich) and F108 (EO132PO50EO132, Sigma-Aldrich) 
were used as structure directing agents (SDA). All chemicals were used without further 
purification. In the following, the 3a-OPV-PMO materials are named with the used 
SDA followed by the description of the formed mesostructure, i.e., the samples 
synthesized by F127 and F108 are denoted as F127-circular and F108-cubic, 
respectively. 
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Scheme 4.1: Chemical structure of 1,3,5-tris(4-triethoxysilylstyryl)benzene, a 
three-armed oligo(phenylenevinylene) precursor (denoted as 3a-OPV) 
For the preparation of sample F127-circular, 3a-OPV (0.06 g, 0.067 mmol) and F127 
(0.06 g, 0.005 mmol) were first dissolved in 2.316 g absolute EtOH. Then, distilled H2O 
(0.030 g, 1.7 mmol) was added and the solution was stirred for 10 min. Next, 1 M HCl 
(4.2 µL, 4.2 × 10-3 mmol) was added and the resulting solution was stirred for 2 h. 
Finally, the AAM was placed on a Teflon plate and soaked with the above prepared 
precursor solution by drop-casting 0.75 ml of the solution over the whole membrane 
surface (47 mm diameter, with an area of 17 cm2). During the EISA-process, the 
ambient conditions were kept at 45-55% relative humidity and 25 °C. 
For the preparation of sample F108-cubic, the synthesis procedures followed the same 
protocol as above with the exception that 0.075 g F108 (0.005 mmol) was added to the 
precursor solution instead of F127.  
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In order to remove the structure directing agents to get accessible mesopores, the 
PMO/AAM composites were calcined up to 200 °C with a heating ramp of 0.5 °C /min. 
Before reaching 200 °C, the samples were kept at 120 °C for 5 h and at last stayed for 
10 h at 200 °C.  
4.2.2. Characterization  
The samples were characterized by 2D small-angle X-ray scattering (2D-SAXS) using 
the SAXSess system by Anton Paar with a CCD detector (PI-SCX:4300, Roper 
Scientific). The wavelength of the incident beam is 0.154 nm (Cu Kα), the 
sample-detector distance was set to 308 mm. Samples were measured with a tilt angle of 
10° with respect to the primary beam. Transmission electron microscopy (TEM) was 
performed using a JEOL 2011 with an acceleration voltage of 200 kV. Nitrogen 
sorption measurements were carried out at - 196 °C using an Autosorb-1 by 
Quantachrome instruments, and before the measurements the samples were degassed at 
150 °C for 12 h in vacuum. The Brunauer-Emmett-Teller (BET) surface area was 
calculated using experimental points at a relative pressure range of p/p0 = 0.05-0.20. 
The total pore volume was calculated by the N2 amount adsorbed at the point of p/p0 = 
0.95. NLDFT pore size distributions were calculated using an SiO2 kernel assuming a 
cylindrical pore geometry for the F127-circular sample and a cylindrical / sphere pore 
geometry for the F108-cubic sample. Solid-state 13C and 29Si NMR experiments were 
performed on a Bruker Avance-Ш 500 spectrometer (11.7 Tesla) operating at 
frequencies of 125.8 MHz for 13C and 99.4 MHz for 29Si. 13C{1H} CP-MAS spectra 
were acquired using a 90° pulse length of 2.5 μs (3.7 dB) with cross-polarization contact 
time of 5 ms and a recycle delay of 2 s. 29Si{1H} CP-MAS experiments were conducted 
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using a 90° pulse length of 2.5 μs (2.7 dB) with cross-polarization contact time of 5 ms 
and a recycle delay of 4 s. The fluorescence spectra were measured with a fluorescence 
spectroscopy system (PTI 814 from Photon Technology international) with a xenon arc 
lamp. 
4.3. Results and Discussion 
4.3.1. F127-circular 3a-OPV-PMO 
Using Pluronic F127 as structure directing agent, a circular hexagonal phase was 
observed within the AAM channels. In order to obtain an open pore system, the 
composite membranes were mildly calcined up to 200 °C. The highly ordered circular 
hexagonal structure was identified as the major phase by 2D small angle X-ray 
scattering (2D-SAXS) measurements. The 2D-SAXS pattern of the calcined sample 
(Figure 4.1A) shows both in-plane (10) and out-of-plane (01) peaks that are 
characteristics of a circular hexagonal structure confined in AAM channels.34, 37-38 The 
d-values caculated from the diffraction pattern are 14.5 nm and 15.6 nm, corresponding 
to d10 and d01 respectively. The TEM image (Figure 4.1B) of the calcined composite 
displays an electron-beam stable PMO with a highly-ordered hexagonal circular 
structure as the predominant phase formed in the AAM channels. The measured d-value 
is 14 nm, which is smaller than the values resulting form the X-ray diffraction. This can 
be attributed to the shrinkage of the porous system during the ion milling procedure, 
which is a crucial step in the TEM specimen preparation, as well as the effect of the 
exposure to the electron beam under high vacuum in the TEM. We note that the 
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orientation of the hexagonal mesostructures could be influenced by the size and shape 
of AAM channels.38 In a small number of the AAM channels, a hexagonal columnar 
structure was observed as a side phase (e.g. the channel on the left side in Figure 4.1B).  
 
Figure 4.1: A) 2D-SAXS pattern and B) plan-view TEM micrograph of the calcined 
PMO/AAM composite showing the highly ordered hexagonal circular structure of the 
3a-OPV-PMO formed with F127 as structure directing agent. 
The nitrogen sorption isotherms (Figure 4.2A) of the calcined F127-circular PMO show 
the typical type IV isotherm shape commonly observed with mesoporous materials. The 
Brunauer-Emmett-Teller (BET) surface area calculated from the isotherm is 57.3 m2 g-1 
and the pore volume is 0.073 cm-3 g-1 (the mass for the calculation includes the AAM 
host). The isotherm has a large hysteresis loop suggesting the existence of ink-bottle 
shaped pores in the PMO material. This can be confirmed by comparing the DFT 
pore-size distributions from the adsorption branch (av. pore diameter ~ 9.4 nm) and the 
desorption branch (av. pore diameter ~ 5.3 nm), both of which show sharp pore size 
distributions (Figure 4.2B).  
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Figure 4.2: A) Nitrogen adsorption (●) and desorption (○) isotherms of  the calcined 
F127-circular sample and B) pore size distributions calculated by a DFT model from both 
the adsorption branch (●) and desorption branch (○) by using an SiO2 kernel assuming a 
cylindrical pore geometry. 
In the 13C-MAS NMR spectrum (Figure 4.3A), the peaks at around 130 ppm and their 
spinning side bands (indicated by asterisk) correspond to the 1,3,5-tris(styryl)benzene 
group, suggesting the preservation of the organic units in the calcined F127-circular 
PMO material. In addition, weak signals (at 17.6 and 75.3 ppm) can be attributed to 
small amounts of residual F127 molecules, indicating the incomplete removal of the 
structure directing agent. This incomplete removal of F127 possibly caused partial 
blocking of the large mesopores and thus led to the ink-bottle shaped pores, which is in 
agreement with the above nitrogen sorption result. The 29Si NMR spectrum (Figure 
4.3B) shows resonances attributed to T2-silicon species (CSi(OSi)2(OH)) at -71.3 ppm 
and T3 species (CSi(OSi)3) at -80.2 ppm, suggesting a high degree of polycondensation 
of the organosilane precursors in the formed PMO pore walls. It is also noteworthy that 
no resonance appears in the Q-site region (around 100 ppm), indicating that the Si-C 
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bonds were kept intact in the framework of the 3a-OPV-PMO material under all the 
conditions of preparation and thermal treatment. 
 
Figure 4.3: A) 13C-MAS NMR and B) 29Si NMR spectra of the calcined F127-circular 
sample, showing the almost complete removal of the surfactant F127, the highly 
condensed Si-O-Si network and the preserved Si-C bonds in the obtained stable PMO 
material. (Signals marked with asterisk denote the spinning side bands of the 
tris(styryl)benzene groups) 
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4.3.2. F108-cubic 3a-OPV-PMO 
A second mesophase was created by using the triblock co-polymer F108 as structure 
directing agent. Compared to Pluronic F127 (EO106PO70EO106), template F108 
(EO132PO50EO132) is a relatively hydrophilic surfactant with longer hydrophilic EO 
chains and shorter hydrophobic PO parts, which leads to micelles with higher curvature 
in the solution.39 Thus, we reasoned that after replacing F127 with F108 into a solution 
that originally could result in a 2D hexagonal (circular) structure, a new structure would 
be formed. 2D-SAXS measurements were carried out to identify the mesostructure of 
the PMO templated by F108. The SAXS diffraction pattern recorded from the calcined 
sample shows the typical diffractions assigned to a body centered cubic Im-3m phase 
(Figure 4.4A), similar to recent observations with other cubic phases in AAM hosts,34-35, 
38 indicating that 3a-OPV-PMO with a cubic structure was formed. The formation of the 
cubic mesostructure was also confirmed by the TEM micrographs. The averaging 
d-value resulting from the SAXS pattern is 17.4 nm, which is in good agreement with 
the value (d110 = 17 nm) measured from TEM image. A plan-view TEM micrograph 
obtained from the calcined F108-cubic sample is displayed in Figure 4.4B. It is 
remarkable that the F108-cubic PMO material within the AAM channels shows minor 
shrinkage; we attribute this to the three-dimensional connection existing in the cubic 
structure combined with the spatial confinement in the AAM host.  
The porosity properties were determined by nitrogen sorption. Figure 4.5 depicts the 
isotherms of the calcined F108-cubic sample, showing the type IV shape with a very 
wide adsorption-desorption hysteresis that is attributed to large mesopores connected by 
smaller open windows in the cubic system. The BET surface area of the calcined 
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F108-cubic composite is 37 m2 g-1 and the pore volume is 0.071 cm-3 g-1 (the mass 
includes the AAM membrane). The pore-size distribution (calculated from the 
adsorption branch) shows a pore diameter of 14.0 nm. The 13C and 29Si NMR data 
(Figure 4.6) of the calcined F108-cubic sample are consistent with those obtained from 
the F127-circular system. All the characterization results show that a body centered 
cubic 3a-OPV-PMO is successfully formed with electron beam stability as well as 
thermal stability up to 200 °C.  
 
 
Figure 4.4: A) 2D-SAXS pattern and B) plan-view TEM micrograph of the calcined 
F108-cubic PMO, representing a highly-ordered body centered cubic structure with only 
minor shrinkage after thermal treatment. 
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Figure 4.5: Nitrogen sorption isotherms of the calcined F108-cubic sample with an inset 
graph showing the corresponding pore size distribution calculated with a DFT model 
using the adsorption branch with a SiO2 kernel assuming a cylindrical / spherical pore 
geometry. 
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Figure 4.6: A) 13C-MAS NMR and B) 29Si NMR spectra of the calcined F108-cubic 
sample, showing the almost complete removal of the template Pluronic F108 and the 
high degree of condensation of the Si-O-Si network. (Signals marked with asterisk 
denote the spinning side bands.) 
4.3.3. Fluorescence emission of 3a-OPV-PMO/AAM composites 
Fluorescence emission spectra were recorded from both 3a-OPV-PMO/AAM 
composites and a diluted isopropanol solution of the 3a-OPV precursor (Figure 4.7).  
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Figure 4.7: Fluorescence spectra (excited at 320 nm) of circular and cubic-structured 
3a-OPV-PMO confined in AAM channels and a diluted 3a-OPV precursor solution in 
isopropanol (10-5 M) (The intensities are not to scale). 
The resulting hierarchically structured 3a-OPV-PMO/AAM composites were observed 
to be fluorescent in the visible light region. The fluorescence emission bands of both 
circular and cubic PMO/AAM composites peak at a wavelength of 422 nm, which 
indicates a slight shift to longer wavelength with respect to the fluorescence emission of 
the diluted precursor solution (10-5 M in isopropanol) which peaks at 410 nm. The 
broadening and energy shift of the emission bands of the obtained PMOs indicate that 
the phenylenevinylene chromophores in the confined organosilica networks are still 
active and have strong intermolecular electronic interactions.  
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4.4. Conclusions  
In summary, periodic mesoporous organosilica materials with the phenylenevinylene 
moiety (3a-OPV-PMO) were successfully synthesized within the tubular channels of 
anodic alumina membranes through an evaporation-induced self-assembly (EISA) 
process. Depending on different structure directing agents, different mesophases could 
be observed. 2D-SAXS experiments and TEM measurements carried out on the 
calcined sample templated by Pluronic F127 showed that a 2D-hexagonal circular phase 
was predominantly formed within AAM channels, and a hexagonal columnar structure 
as an additional phase was observed as well. When using template F108, which can 
form micelles with higher curvature than Pluronic F127, a body centered cubic (Im-3m) 
mesophase was achieved in the confined environment of the AAM channels. It is 
noteworthy that the resulting circular and cubic 3a-OPV-PMO/AAM composites were 
both structurally stable against thermal treatments at temperatures of up to 200 °C and 
also stable in the electron beam of the electron microscope, which is a remarkable 
enhancement over the previously reported flat-substrate supported 3a-OPV-PMO films. 
All the synthesized hierarchically nanostructured 3a-OPV-PMO/AAM composites were 
observed to be fluorescent in the visible light region. The fluorescence emission of the 
PMO/AAM composites showed a red-shift compared to that of the precursor molecule 
solution, indicating strong electronic interactions between the phenylenevinylene 
chromophores in the condensed organosilica networks. The success of achieving such 
stable, fluorescent and highly oriented mesoporous 3a-OPV-PMO materials suggests 
that these PMO/AAM composites and similar chromophore-containing hierarchical 
nanostructures might offer potential as hierarchical optoelectronic systems. 
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5. A Periodic Mesoporous Organosilica with 
Phthalocyanine Macrocycles Exhibiting Optoelectronic 
Properties 
This chapter is based on a collaboration with Prof. Dirk Trauner and Florian Löbermann 
in the organic chemistry division of LMU. The synthesis of the organosilane precursor 
was done there. 
5.1. Introduction 
Phthalocyanines are large, π-conjugated macrocycles which have received considerable 
attention due to their unique electrical and optical properties as well as their chemical 
and thermal stability.1-3 The combination of these properties is of great interest for a 
number of applications, such as photovoltaics,4-7 electrical conductors,8-10 chemical 
sensors,11-13 nonlinear optics,14-16 and photocatalysis.17-20 Hence, recently much effort 
has been put in designing and synthesizing novel materials containing phthalocyanine 
macrocycles. For example, a phthalocyanine-based metal-organic framework (MOF) 
was synthesized and shown to be useful in gas adsorption due to its porous structure.21 
The first phthalocyanine based covalent organic framework (COF) was described by 
Dichtel and coworkers.22 Besides, a metallophthalocyanine COF was reported to exhibit 
considerable charge carrier mobility and photoconductivity.23 The phthalocyanine 
moiety has also been accommodated within the robust mesoporous silica matrix.24-28 
However, in these reported porous silica materials, the phthalocyanine molecules were 
either inside the mesopores as guest molecules, or as a layer on the inner-surface of the 
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mesopores, both of which can reduce or block access to the pores and thus lead to rather 
low porosity of the mesoporous systems. So far all reported phthalocyanine-based 
porous materials only have small pore sizes of less than 5 nm. This fact strongly 
constrains the possibilities of incorporating larger guest molecules into the mesopores 
and thus can limit the potential applications of these phthalocyanine-containing porous 
materials. Besides, the reported phthalocyanine based porous materials in most cases are 
obtained as powders, which makes integration into devices difficult. Therefore, creating 
phthalocyanine-containing porous films with large accessible pores will significantly 
expand the scope of their possible applications.  
Periodic mesoporous organosilicas (PMOs) define a class of porous materials that 
possess accessible mesopores as well as tunable organic functional pore-walls. 
Synthesis and application of PMO materials have attracted much interest since their 
discovery in 1999.29-31 PMO films can be synthesized through the evaporation-induced 
self-assembly (EISA) process.32-35 In the presence of surfactant template, the 
condensation of alkoxysilyl precursors R’[Si(OR)]n (n ≥ 2) can lead to a PMO 
framework with organic linker groups R’ uniformly distributed within the pore walls. 
To date, numerous organic groups such as ethylene, thiophene, benzene, biphenylene, 
naphthalene, or divinylbenzene have been successfully incorporated in the framework 
of PMOs.36-39 We note that it is rather challenging to obtain ordered mesostructures 
from alkoxysilyl precursors with bulky organic linkers, as this type of precursor often 
shows low solubility and high hydrolysis rates leading to almost instant precipitation 
under common synthesis conditions. Sometimes a certain amount of inorganic silica 
precursor such as tetraethyl orthosilicate (TEOS) is needed to assist the bulky organic 
precursor in forming an ordered mesostructure. Mizoshita et al.40 reported that with the 
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addition of 50-80 wt% of TEOS based on the total weight of precursors, the synthesis of 
a PMO material containing large tetraphenylpyrene bridges was achieved.  
Based on the above considerations, in this work we designed a novel ethoxysilyl 
precursor with a phthalocyanine chromophore and successfully synthesized 
phthalocyanine-based PMO films. Thus, 2,3,9,10,16,17,23,24-octa 
[(3-triethoxysilylpropylaminocarbonyloxy) phthalocyaninato zinc (II)] was the 
synthesized organic precursor, triblock co-polymer Pluronic F108 was the surfactant 
template and 50 wt % tetraethyl orthosilicate (TEOS) was added to assist in forming the 
mesostructure. Through the EISA process, highly ordered mesoporous films (denoted as 
Pc-Si-PMO) were successfully synthesized. With a view toward their porosity as well as 
the periodicity and orientation of the mesostructure, the resulting Pc-Si-PMO materials 
were thoroughly characterized by 1D and 2D small angle X-ray diffraction techniques, 
transmission electron microscopy (TEM) and nitrogen sorption measurements. After 
surfactant extraction, the obtained PMO film features an orthorhombic porous structure 
with cage-like pores of 17 nm in diameter, connected through 7 nm windows. It was 
confirmed by energy dispersive X-ray spectroscopy (EDX), electron energy loss 
spectroscopy (EELS) and nuclear magnetic resonance (NMR) spectroscopy that the 
phthalocyanine molecules are preserved after being incorporated in the PMO 
pore-walls. Furthermore, the optoelectronic activities of the Pc-Si-PMO film material 
were investigated in the presence of electron-conducting guest species, showing 
photoactive and hole-conducting properties due to the phthalocyanine moieties 
covalently bonded in the stable organosilica pore walls. 
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5.2. Experimental Section 
5.2.1. Preparation of phthalocyanine-bridged PMO films 
The synthesis of phthalocyanine-bridged PMO films was achieved by the 
evaporation-induced self-assembly (EISA) approach.32,41 The amount of 0.050 g 
phthalocyanine-bridged precursor (Scheme 5.1, synthetic procedures in Appendix A-1), 
0.050 g TEOS and 0.060 g F108 were first dissolved in a mixture of 2 ml ethanol and 
0.2 ml tetrahydrofuran (THF). Next, 0.066 ml of 0.1 M HCl was added and the resulting 
solution was stirred at room temperature for 20 h. Finally, the aged sol was spin-coated 
on glass slides (2 cm × 2 cm) at a spinning-rate of 3000 rpm with an acceleration of 
2905 rpm/s for 30 s. Evaporation of the volatile agents (ethanol, THF, HCl) from the sol 
mixture resulted in homogeneous films on the glass slides. Afterwards the films were 
dried in air at room temperature for 24 h (denoted as Pc-Si-PMO-as prepared). The 
dried films were then heated in flowing N2 with a ramp of 1°C/min to 120 °C and kept 
at this temperature for 5 h (denoted as Pc-Si-PMO-120 °C). Finally the surfactant 
template Pluronic F108 was extracted by supercritical CO2 at 88 bar and 60 °C for 2 h 
(denoted as extracted Pc-Si-PMO). 
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Scheme 5.1: Chemical structure of the ethoxysilyl precursor 2,3,9,10,16,17,23,24-octa 
[(3-triethoxysilylpropylaminocarbonyloxy) phthalocyaninato zinc (II)]. 
5.2.2. Structure Characterization 
The samples were characterized with X-ray diffraction (XRD) measurements using a 
Bruker D8 Discover with Ni-filtered CuKα-radiation (0.154 nm) and a 
position-sensitive detector (LynxEye). For two-dimensional grazing-incidence small 
angle X-ray scattering (2D-GISAXS) characterization, a SAXSess system by Anton 
Paar (CuKα-radiation, sample-detector distance 306.7 mm) with a CCD detector 
(PI-SCX:4300, Roper Scientific) was used. The samples were measured for 10 h with a 
tilt angle of 0.27° with respect to the primary beam. Transmission electron microscopy 
(TEM) was performed using a FEI Titan 80-300 instrument equipped with a field 
emission gun operated at 300 kV. Energy dispersive X-ray spectroscopy (EDXS) and 
electron energy loss spectroscopy (EELS) were performed using the same FEI Titan 
80-300 instrument. Scanning electron microscopy images were recorded on a JEOL 
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JSM-6500F FE-SEM operating at 4 kV acceleration voltage and using the secondary 
electron signal. Nitrogen sorption measurements were carried out at -196 °C using an 
Autosorb-1 by Quantachrome Instruments; the sample was degassed at 150 °C for 12 h 
in vacuum before the measurement. For this purpose thicker films were synthesized by 
drop-casting solutions identical to those for Pc-Si-PMO on flat glass substrates. The 
thick films (after the same thermal treatment) were scratched off from the glass slides 
and extracted by supercritical CO2 before the nitrogen sorption measurement. The 
Brunauer-Emmett-Teller (BET) surface area was calculated using experimental points 
at a relative pressure range of p/p0 = 0.05-0.20. The total pore volume was calculated by 
the N2 amount adsorbed at the highest p/p0 (p/p0 = 0.98). NLDFT pore size distributions 
were calculated from both the adsorption and desorption branches using a SiO2 kernel 
assuming cylindrical/spherical pore geometry for the sample. Solid-state 13C and 29Si 
NMR experiments were performed on a Bruker Avance-Ш 500 spectrometer 
(11.7 Tesla) operating at frequencies of 125.8 MHz for 13C and 99.4 MHz for 29Si. 
13C{1H} CP-MAS spectra were acquired using a 90° pulse length of 2.5 μs (3.7 dB) 
with cross-polarization contact time of 5 ms and a recycle delay of 2 s. 
29Si{1H} CP-MAS experiments were conducted using a 90° pulse length of 2.5 μs 
(3.7 dB) with cross-polarization contact time of 5 ms and a recycle delay of 2 s. 
5.2.3. Photoelectrochemical Characterization 
Pc-Si-PMO films were synthesized on indium tin oxide coated glass (VisionTek, 
150 nm ITO, 12-15 ohms/sq).  
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UV-Vis measurements were performed on a Hitachi U3501 spectrophotometer 
equipped with an integrating sphere. Absorbance spectra were recorded in transmission 
geometry with plain ITO as reference.  
For the measurements in an electrolyte, the ITO substrates were cut into pieces of 1 cm 
× 1.5 cm. A 5 mm wide contact area on one side of the substrate was masked during the 
deposition of the PMO film, resulting in an active area of 1 cm2. After extraction of the 
Pluronic template the blank part of the ITO was contacted with a copper wire using 
silver paste and then this contact area was sealed with poly(dimethylsiloxane) in order 
to avoid direct contact between the ITO and the electrolyte. Photoelectrochemical 
measurements were performed with the Pc-Si-PMO film as working electrode and a 
platinum wire as counter electrode in an aqueous electrolyte containing either 0.1 M 
KNO3 or 0.1 M KNO3 and 1 mM H2O2.  
Solid-state devices were fabricated on patterned ITO substrates. After deposition of the 
PMO layer and subsequent extraction of the template, the films (1.5 cm × 1.5 cm) were 
immersed overnight into a solution of [6, 6]-phenyl-C61-butyric acid methyl ester 
(PCBM, 3 mg/ml in chlorobenzene to enhance the infiltration of the PCBM into the 
mesopores (each film in 5 ml PCBM solution). The films were then taken from this 
solution and immediately spun at 1000 rpm with an acceleration of 996 rpm/s for 60 s, 
which resulted in a thin and homogeneous layer of PCBM on top of the PMO film. 
Finally, 70 nm thick silver contacts were sputter-deposited through a shadow mask, 
yielding an active area of 16 mm2. The samples were illuminated through a 12 mm2 
mask and measured in air. As a comparison, bilayer samples made from non-porous 
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films were prepared in a similar way as described above with the exception that no 
TEOS and F108 were added to the initial precursor solution. 
For recording current transients the samples were illuminated with white light from an 
AM1.5G solar simulator (Solar Light Model 16S) at 100 mW/cm², which was 
modulated using a shutter. Lower light intensities were realized with a set of calibrated 
reflective neutral density filters. The signal was detected using a low noise preamplifier 
(Femto DLPCA-200) and an oscilloscope (Tektronix DPO2012). 
External quantum efficiency (EQE) measurements were performed at short circuit. 
Monochromatic light was obtained from a 150 W xenon lamp in combination with a 
monochromator and order-sorting filters. The slits were adjusted such that the FWHM 
was 5 nm at a light intensity of approximately 2 mW/cm2. All light intensities were 
calibrated with a Fraunhofer ISE certified silicon reference cell equipped with a KG5 
filter. The monochromatic light was modulated using an optical chopper at a frequency 
of 4 Hz for measurements with an electrolyte and 12 Hz in case of the solid state 
devices. The signal was detected via a low noise pre-amplifier (Femto DLPCA-200) and 
a lock-in amplifier (Signal Recovery 7265). The modulation frequency was chosen as a 
tradeoff between signal amplitude and measurement duration. Although the signal 
amplitude changed only by about 10 % when changing the modulation frequency from 
0.1 Hz to 40 Hz, we do not argue that the EQE values presented in this work represent a 
steady-state current. 
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5.3. Results and Discussion 
5.3.1. Mesostructured phthalocyanine-bridged PMO films 
With the triblock co-polymer F108 acting as structure-directing agent, mesostructured 
organosilica films were obtained by acidic sol-gel polycondensation of the 
phthalocyanine-containing organic precursor and TEOS molecules. The periodic 
mesostructure of the film was characterized by means of small angle XRD, as shown in 
Figure 5.1. The reflection position of as-prepared material along the film normal 
corresponds to d = 11.6 nm. The d-value decreases to 9.2 nm after thermal treatment at 
120 °C for 5 h and to 8.7 nm after template extraction with CO2. Such shrinkage along 
the substrate normal is common for mesoporous thin films after template removal.41-44 
The peak widths indicate a variation of the d-values of around 0.5 nm, which can be 
expected for such a flexible material. After template removal, the reflection intensities 
increase in comparison to as-prepared material, as a result of the better X-ray contrast.  
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Figure 5.1: X-ray diffraction patterns of the PC-Si-PMO films, (a) as-synthesized, (b) 
after thermal treatment at 120 °C, (c) after extraction with CO2. 
For further characterization with TEM and 2D-GISAXS, films obtained after template 
extraction with CO2 were used. TEM cross sections of the films (Figure 5.2) show their 
high degree of structural order and thicknesses of around 160 nm. Image analysis shows 
that the d-values along the film normal vary between 8.3 nm and 9.6 nm, the film 
shrinkage appears to be more pronounced toward the film surface. Regarding zone axis 
orientations, lateral d-values of 14.0 nm (Figure 5.2 a) and 8.2 nm (Figure 5.2 b) were 
measured. If an initial body-centered cubic structure is assumed before film shrinkage, 
an orthorhombic structure with Fmmm symmetry results after shrinkage along the film 
normal, with the following lattice constants: a = 19.9 nm, b = 17.8 nm, c = 28.1 nm, 
corresponding to a film shrinkage of 37% (see details below in caption of Figure 5.3). 
The basis vectors a and c are parallel to the film and b is along the film normal (Figure 
5.3). Films possessing the above space group and orientation with respect to the 
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substrate are common for mesoporous carbons and metal oxides after uniaxial 
shrinkage.45-49 In accordance with this structure model, the TEM images of Figures 
5.2 a) and 5.2 b) can be interpreted as structure projections along [100] and [101], 
respectively.  
 
 
Figure 5.2: Cross section TEM images of the extracted PC-Si-PMO film. The insets 
show corresponding orientations of the structure model. (a) The average lattice plane 
distance measured along the film normal is 9.1 nm, along the film substrate it is 14.0 
nm. For the structure model in [100] projection as shown in the inset, these values 
correspond to d020 and d002 respectively. (b) The average lattice plane distance measured 
along the film normal is 8.8 nm, along the film substrate it is 8.2 nm. For the structure 
model in [101] projection as shown in the inset, these values correspond to d020 and d20-2 
respectively.  
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Figure 5.3: Relationship of the mesoporous structure models in the cubic and the 
orthorhombic setting with respect to the substrate. A) The initial cubic Im-3m structure, 
with the face diagonal of the unit cell [011]cub along the film normal. B) the initial 
structure described in an orthorhombic setting with Fmmm symmetry and [010]orh along 
the film normal. The lattice basis vectors change as follows: aorh = acub, 
borh = (bcub+ccub), and corh = ccub-bcub. C) After uniaxial shrinkage, aorh and corh remain 
constant, with the fixed ratio of corh = 1.41 aorh, while borh is decreasing by a shrinkage 
factor. The lattice parameters of the structure model imply an initial cubic lattice 
parameter of acub = 19.9 nm and a film shrinkage by 37%. 
The 2D GISAXS pattern of a CO2-extracted film shown in Figure 5.4 is in agreement 
with space group, orientation, and lattice parameters of the structure model inferred 
from TEM. The presence of the elements expected from the synthesis was confirmed by 
energy dispersive X-ray spectroscopy (EDXS) and electron energy loss spectroscopy 
(EELS). Because of their large relative amounts and the specific sensitivity of EELS, 
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the elemental ratio of nitrogen to oxygen was quantified. The nitrogen to oxygen ratio 
of 0.31+/- 0.03 determined from five EEL spectra is in very good agreement with the 
value of 0.3 calculated based on the ratio between precursors in the synthesis. For more 
details, see Appendix A-2. 
 
Figure 5.4: 2D-GISAXS diffraction pattern of the CO2 extracted film. The reflections 
are doubled due to diffraction of the incident beam reflected at the film-substrate 
interface. Hence, reflections on top of each other (one circle and one square) belong to 
the same indexing. The lower empty square denotes the 002 reflection position 
according to the Fmmm structure model. As it is below the sample ‘horizon’, the 
reflection intensity is fully absorbed by the sample. The measured d-values of 12.1 nm 
and 13.7 nm agree very well with the values expected for the structure model, with d111 
= 12.0 nm and d002 = 14.0 nm. 
The porosity of the extracted phthalocyanine-bridged PMO material was examined by a 
nitrogen sorption measurement of scratched-off films. The nitrogen sorption isotherms 
(Figure 5.5) show the typical type IV isotherm shape commonly observed for 
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mesoporous materials. The Brunauer-Emmett-Teller (BET) surface area calculated from 
these isotherms is 379 m2 g-1 and the pore volume is 0.69 cm3 g-1. The isotherm shape 
with a hysteresis loop suggests the existence of cage-like pores. This can be confirmed 
by comparing the DFT pore-size distributions from the adsorption branch (av. pore 
diameter of 17 nm) and the desorption branch (av. pore diameter of 7 nm) (inset of 
Figure 5.5). The cage-like pores result from the interconnected spherical micelles of the 
triblock co-polymers in the initial cubic structure. The pore diameter from the 
desorption branch (7 nm) represents the window size, while the 17 nm from the 
adsorption branch are related to the cage diameter. Similar porosity properties with 
cage-like pores were also found for mesoporous carbon films with the Fmmm symmetry 
, although with much smaller pore sizes.48 
 
Figure 5.5: Nitrogen adsorption (○) and desorption (●) isotherms of  the extracted 
Pc-Si-PMO sample with an inset showing NLDFT pore size distributions calculated from 
both the adsorption branch (○) and desorption branch (●) using a SiO2 kernel assuming 
cylindrical/spherical pore geometry for the sample. 
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5.3.2. Framework constitution of the phthalocyanine-bridged PMO 
films 
Energy dispersive X-Ray spectroscopy (EDXS) and electron energy loss spectroscopy 
(EELS) confirm the presence of the elements that are expected to be in the Pc-Si-PMO 
films. To obtain more detailed information about the local chemical environment of the 
PMO material, the extracted Pc-Si-PMO material was examined with solid-state NMR 
spectroscopy of both 13C and 29Si nuclei (Figure 5.6). The signals in the 13C-MAS NMR 
spectrum of the extracted material can be assigned to the corresponding carbon atoms of 
the phthalocyanine bridges (Figure 5.6A), which are consistent with the results reported 
for phthalocyanine systems.50-54 The signals at 8.76 ppm (C1), 22.0 ppm (C2), 
43.68 ppm (C3) and 118.7 ppm (C4) could be assigned correspondingly to the carbon 
atoms existing in the propyl isocyanate moiety.55-58 The detected chemical shifts in the 
range of 100 - 160 ppm represent the resonances from the carbon atoms in the aromatic 
ring of the phthalocyanine moiety. The 13C-MAS NMR proves that the phthalocyanine 
organic group in the precursor is robust enough to survive the synthesis and extraction 
conditions. In the solid state 29Si NMR spectrum (Figure 5.6B), resonances at -49.3, 
-58.1 and -66.3 ppm are representative of T-type organosilica species 
[Tn = RSi(OSi)n(OH)3-n], which could be assigned to T1, T2, T3 units of the condensed 
silsesquioxane moieties.56, 59 The presence of the characteristic Q signals 
[Qn = Si(OSi)n(OH)4-n] at -91.1 (Q2), -100.6 (Q3) and -109.9 ppm (Q4) shows the 
condensation state of the silica species in the framework.58, 60 Based on both the 13C and 
29Si NMR spectra, we conclude that the organic phthalocyanine moieties are covalently 
integrated into the condensed silica walls of the PMO material. 
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Figure 5.6: A) 13C-MAS NMR and B) 29Si NMR spectra of the extracted Pc-Si-PMO 
material. 
5.3.3. UV-Vis absorption properties 
Figure 5.7 shows UV-Vis absorbance spectra of an extracted Pc-Si-PMO film and of a 
diluted solution of the organosilane precursor molecules in THF. The absorption 
spectrum of the dilute THF solution of the precursor is typical for non-aggregated 
phthalocyanines.54, 61-63 Specifically, the two distinguished peaks at 603 and 667 nm 
located within the broad absorption band from 550 to 700 nm (Q band) are 
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characteristic of monomeric phthalocyanine macrocycles. Meanwhile, the Q band of the 
extracted Pc-Si-PMO film is broadened and red-shifted (625 and 685 nm) compared to 
that of the diluted precursor solution. Additionally, the B band of the extracted PMO 
film peaking at 338 nm is blue-shifted by 10 nm from that (348 nm) of the precursor 
monomers.  
The blue shift of the B band and the broadening behavior of the Q bands normally 
indicate the formation of H-aggregates (face to face aggregates) of phthalocyanine 
units.64-65 As no other evidence could be obtained to confirm the formation of 
H-aggregates, we cautiously deduce that in the mesoporous Pc-Si-PMO framework the 
phthalocyanine moieties could be densely packed resulting strong electronic interactions 
between each other.  
 
Figure 5.7: UV-Vis absorption spectra of a template-extracted mesostructured 
Pc-Si-PMO film (black curve) and that of a diluted solution containing 10-5 M 
phthalocyanine-bridged precursor in THF (blue curve). For clarity, an offset is added to 
the blue curve. 
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5.3.4. Optoelectronic behavior 
In order to investigate the photoactive and electronic properties of the Pc-Si-PMO films 
we prepared samples on ITO-coated glass substrates. Figure 5.8 shows the 
time-resolved photocurrent response and the spectrally resolved response of such an 
extracted Pc-Si-PMO film (160 nm thick), measured in a two-electrode configuration 
with the sample connected as working electrode and a Pt counter-electrode in an 
aqueous electrolyte containing either 0.1 M KNO3 or 0.1 M KNO3 and 1 mM H2O2 
(set-up illustrated in Scheme 5.2). 
 
Scheme 5.2: Illustration of the set-up for optoelectrochemical experiments in electrolyte 
containing 0.1 M KNO3 and 1 mM H2O2.  
We recorded current transients at different intensities of simulated solar light (Figure 
5.8A). Upon illumination a current pulse is generated, which quickly decays to a lower 
steady-state current.  The sign of the photocurrent denotes that the electrons are 
transferred to the electrolyte, whereas the holes are transported within the Pc-Si-PMO 
film which is consequently a p-type semiconductor.66-69 Switching off the light results in 
a pulse of similar amplitude, but opposite sign. As expected, the steady-state current is 
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zero in this case. These anodic and cathodic current spikes are well-known for 
phthalocyanine films in electrolytes and could originate from charging and discharging 
of surface states.66, 68-69 A similar behavior of current transients under illumination, in 
which an initially higher current decays to a lower stable current, could also originate 
from limitations in charge transport. To analyze whether a transport limitation was 
present in our films we extrapolated the transients recorded at various light intensities to 
full sun illumination (inset of Figure 5.8A). If the current was limited by slow charge 
transport, one would expect the extrapolated current from the low light intensity 
measurements to be higher and the initial decay less pronounced. Since all four curves 
are exactly on top of each other, we can conclude that the current response of the 
Pc-Si-PMO film scales linearly with light intensity and therefore there seems to be no 
severe bottleneck in charge transport.  
The spectrum of the external quantum efficiency (EQE) which is the ratio of collected 
electrons to incident photons closely resembles the absorption spectrum of the sample, 
suggesting that indeed the Pc-Si-PMO is the origin of the photocurrent (Figure 5.8B). 
Addition of 1 mM H2O2 to the electrolyte helps to reduce recombination of 
photogenerated holes in the Pc-Si-PMO film with electrons from the electrolyte and 
therefore yields a higher photocurrent without affecting the shape of the spectrum. 
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Figure 5.8: A) Time-resolved photocurrent response of the extracted Pc-Si-PMO film 
deposited on ITO in an aqueous electrolyte containing 0.1 M KNO3 (active area is 
1 cm2). The experiment was carried out using simulated AM1.5G solar light of different 
light intensity. Inset: Photocurrent transients normalized to 100 mW/cm² irradiance. B) 
External quantum efficiency in two different electrolytes (0.1 M KNO3 and 0.1 M 
KNO3 with 1 mM H2O2) and UV-Vis spectrum of the Pc-Si-PMO film. Illumination 
was from the film side in both measurements. 
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We also combined the p-type phthalocyanine-based PMO films with an electron acceptor 
to form a three-dimensional solid-state heterojunction by soaking the extracted 
mesoporous films in a solution of PCBM for infiltration of the electron-transporting 
species into the mesopores. Subsequent spin-coating of the PCBM solution results in an 
additional PCBM overlayer, which is required for avoiding contact between the Ag back 
electrode and the p-type material (device configuration illustrated in Scheme 5.3).  
 
Scheme 5.3: Illustration of the configuration of the solid-state device with 
mesostructured PMO film. The porous green layer on the surface of ITO represents the 
Pc-Si-PMO film. 
The external quantum efficiency of the solid state device follows the absorbance of the 
Pc-Si-PMO/PCBM composite (Figure 5.9A). Compared to the measurements in an 
electrolyte the photocurrent response in the blue and UV part of the spectrum is much 
higher, which might be due to a contribution of the PCBM. The observed photocurrent 
seems to be a superposition of (i) excitons generated in the Pc-Si-PMO followed by 
electron injection into the PCBM, and (ii) excitons generated upon light absorption by the 
PCBM followed by hole injection into the Pc-Si-PMO. 
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In order to assess the influence of the mesostructure on the photovoltaic performance, we 
compared the mesostructured samples to their bilayer counterparts. Strikingly, the 
response of the bilayer device is far more than one order of magnitude lower than the 
EQE of the structured device (note that the response of the bilayer structure was 
multiplied by 10 for clarity) (Figure 5.9B). These data strongly suggest that only excitons 
generated in the vicinity of the interface can diffuse to the heterojunction and get 
separated. If the heterojunction is flat, the region where light absorption can produce 
separated charge carriers does not extend far from the interface. Therefore the measured 
current is extremely low. Since the EQE of the mesostructured, but otherwise identical 
device is remarkably higher, we can conclude that through the infiltration with PCBM a 
three-dimensional junction is formed, which can harvest photogenerated excitions from a 
much larger volume. We note that in the EQE spectrum of the bilayer device the optical 
fingerprint of the phthalocyanine framework between 600 nm and 700 nm is not clearly 
visible. A possible explanation for this is that when illuminating the sample through the 
substrate, the light has to pass the phthalocyanine layer and thus the light intensity close 
to the interface, where current can be generated, is lower at wavelengths where the 
phthalocyanine absorbs strongly. In case of the mesostructured device, the heterojunction 
extends into the Pc-Si-PMO layer, rendering more of the phthalocyanine material 
electronically active and thus the light filtering effect is less pronounced. 
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Figure 5.9: A) External quantum efficiency (black) and absorbance (red) spectra of the 
mesoporous Pc-Si-PMO/PCBM device and B) Comparison between the mesostructured 
Pc-Si-PMO/PCBM device and a non-porous bilayer counterpart. The EQE of the bilayer 
device was multiplied by 10 for better visibility. 
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5.4. Conclusion 
In this work, a periodic mesoporous organosilica film material based on 
zinc-phthalocyanine macrocycles was successfully synthesized through an 
evaporation-induced self-assembly process using the triblock co-polymer F108 as 
template. XRD, 2D-GISAXS measurements and TEM of the extracted Pc-Si-PMO film 
showed that an orthorhombic porous structure was obtained on flat substrates. EDX, 
EELS and solid state NMR results confirmed the existence of zinc-phthalocyanine 
organic units in the condensed organosilica frameworks. The obtained Pc-Si-PMO 
material with cage-like pores of 17 nm in diameter showed a BET surface area of 
379 m2 g-1 and a pore volume of 0.69 cm3 g-1. The UV-Vis absorbance spectrum of the 
PMO film exhibits a broad absorption band owing to strongly interacting 
phthalocyanine moieties in the organosilica pore walls. An investigation of the 
optoelectronic properties of the Pc-Si-PMO film in an aqueous electrolyte showed 
light-induced charge generation capability and hole-transporting character. Through a 
comparison of the mesostructured Pc-Si-PMO/PCBM devices with their bilayer 
counterparts we found that the photoactive heterojuncion indeed extends into the porous 
Pc-Si-PMO framework and thus the structured devices can collect excitons from a much 
larger volume and consequently produce a more than tenfold increased photocurrent. 
Based on these results we anticipate that zinc-phthalocyanine-based PMO frameworks 
and similar opto-electroactive moiety-containing PMO materials can serve as highly 
ordered model systems for device architectures in organic photovoltaics. 
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6. Optoelectronically Active Periodic Mesoporous 
Organosilica Films Containing Porphyrin 
Chromophores 
This chapter is based on a collaboration with Prof. Dirk Trauner and Florian Löbermann 
in the organic chemistry division of LMU. The synthesis of the organosilane precursor 
was done there. 
6.1. Introduction 
The great interest in developing mesoporous organic-inorganic hybrid materials arises 
from the expectation that the assembly of organic and inorganic building blocks in a 
single material can combine their particular properties and advantages.1 As a result, 
such hybrid porous materials can have versatile organic functionalities and excellent 
mechanical and thermal stabilities, enabling their applications as catalyst, catalysis 
supports, nanoscale inclusion vessels and adsorbents.2 Periodic mesoporous 
organosilicas (PMOs) are a class of porous materials that can achieve the combination 
of organic units and inorganic cross-linking parts within their periodically structured 
frameworks.3-5 PMO materials are normally synthesized by polycondensation of 
alkoxysilyl precursors R’[Si(OR)]n (n ≥ 2) in the presence of surfactant templates such 
as tetraalkylammonium halides or nonionic copolymers. To date, numerous organic 
units from small aliphatic and aromatic groups to larger functional groups have been 
successfully incorporated in the framework of PMO materials.6-13 In PMOs, each 
individual organic group R’ is covalently bonded to two or more silicon atoms, such 
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that the bridging organic unit is an integral part of the pore walls, rendering the 
mesopores well accessible for guest molecules. Therefore their periodically arranged 
mesochannels as well as the great diversity of intrinsically functionalized pore walls 
could lead to potential applications of PMOs in areas such as catalysis,14-16 
adsorbents17-18, and optical systems19-22. 
Recent developments of PMO materials include the incorporation of electroactive 
organic species within their frameworks, aimed towards controlled energy and charge 
transfer.23-24 For example, Inagaki and coworkers have synthesized a novel PMO film 
containing π-conjugated phenylenevinylene molecules in its mesostructured framework 
and investigated its charge transport properties.23 This reported PMO thin film had 
accessible mesopores with a diameter of 2.4 nm and possessed hexagonal packing of the 
mesochannels. For the first time, the observed charge-carrier mobility in the obtained 
film (on the order of 10-5 cm2V-1s-1) showed the possibility of designing semiconducting 
PMO materials. Given the charge-transporting ability of numerous π-conjugated 
systems, we reasoned that incorporating such conjugated organic units in the alkoxysilyl 
precursors might result in novel PMO materials with interesting photoactive and 
charge-conducting properties. As π-conjugated porphyrin molecules are well known to 
possess related electrical and optical properties, integrating porphyrin units into 
organosilica frameworks might lead to the desired PMO materials. However, 
alkoxysilyl precursors with bulky organic bridges are not easily integrated into periodic 
mesostructures, as this type of precursor can show low solubility and high hydrolysis 
rates leading to almost instant precipitation under common synthesis conditions.  
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Here we show that under optimized synthesis conditions a judiciously designed 
ethoxysilyl porphyrin macrocycle precursor can be used to successfully synthesize 
periodic mesoporous organosilica films without the addition of any other silica source. 
These porphyrin-bridged PMO films (denoted as Por-PMO) were prepared by an 
evaporation-induced self-assembly method with triblock co-polymer Pluronic F127 as 
structure-directing agent. The resulting PMO film was stable against mild thermal 
treatment of up to 120 oC. Besides, after template removal with ethanol, the extracted 
Por-PMO film showed stability against electron-beam irradiation during TEM 
characterization and was observed to possess an orthorhombic porous structure. 
Nitrogen sorption experiments on the extracted PMO material gave a surface area of 
364 m2 g-1 and a pore size of 15 nm. Furthermore, the optoelectronic activities of the 
synthesized PMO films were investigated in the presence of electron-accepting species, 
showing light-induced charge generation and hole-transporting capability. 
6.2. Experimental Section 
6.2.1. Preparation of porphyrin-based PMO films 
Porphyrin-based PMO films were synthesized by the evaporation-induced self-assembly 
(EISA) approach.25 0.075 g (0.045 mmol) porphyrin-containing precursor (Scheme 6.1, 
synthetic procedures in Appendix, A-3) and 0.075 g (0.006 mmol) Pluronic F127 were 
first dissolved in 2.4 ml ethanol. Next, 0.08 ml of 0.1 M HCl (8.0 × 10-3 mmol) were 
added and the resulting solution was stirred at room temperature for 4 h. Finally, the 
aged sol was spin-coated on glass slides (2 cm × 2 cm) at a spinning-rate of 3000 rpm 
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with an acceleration of 2905 rpm/s for 30 s. The obtained films were dried in air at 
room temperature overnight (denoted as Por-PMO-as prepared). In order to remove the 
surfactant template F127, the films were then heated in flowing N2 with a ramp of 
1°C/min to 120 °C and kept at this temperature for 5 h (denoted as Por-PMO-120 °C) 
and finally refluxed in absolute ethanol for 2 h to remove the surfactant F127 (denoted 
as extracted Por-PMO). 
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Scheme 6.1: Chemical structure of the ethoxysilyl precursor containing porphyrin 
macrocycles. 
6.2.2. Structural Characterization 
The samples were characterized with X-ray diffraction (XRD) measurements using a 
Bruker D8 Discover with Ni-filtered CuKα-radiation (0.154 nm) and a position-sensitive 
detector (LynxEye). For two-dimensional grazing-incidence small angle X-ray scattering 
(2D-GISAXS) characterization, a SAXSess system by Anton Paar (CuKα-radiation, 
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sample-detector distance 306.7 mm) with a CCD detector (PI-SCX:4300, Roper 
Scientific) was used. The samples were measured for 10 h with a tilt angle of 0.27° with 
respect to the primary beam. Transmission electron microscopy (TEM) was performed 
using a FEI Titan 80-300 instrument equipped with a field emission gun operated at 
300 kV. Nitrogen sorption measurements were carried out at -196 °C using an 
Autosorb-1 by Quantachrome Instruments, and before the measurements the samples 
were degassed at 150 °C for 12 h in vacuum. For this purpose thicker films were 
synthesized by drop-casting the same solutions as for Por-PMO on flat glass substrates. 
After thermal treatment, the thick films were scratched off from the glass slides and 
refluxed in absolute ethanol to removal surfactant template before the nitrogen sorption 
measurement. The Brunauer-Emmett-Teller (BET) surface area was calculated using 
experimental points at a relative pressure range of p/p0 = 0.05-0.20. The total pore volume 
was calculated by the N2 amount adsorbed at the highest p/p0 (p/p0 = 0.98). NLDFT pore 
size distributions were calculated from the adsorption branch using a SiO2 kernel 
assuming cylindrical/spherical pore geometry for the sample. Solid-state 13C and 29Si 
NMR experiments were performed on a Bruker Avance-Ш 500 spectrometer (11.7 Tesla) 
operating at frequencies of 125.8 MHz for 13C and 99.4 MHz for 29Si. 13C{1H} CP-MAS 
spectra were acquired using a 90° pulse length of 2.5 μs (3.7 dB) with cross-polarization 
contact time of 5 ms and a recycle delay of 2 s. 29Si{1H} CP-MAS experiments were 
conducted using a 90° pulse length of 2.5 μs (3.7 dB) with cross-polarization contact time 
of 5 ms and a recycle delay of 2 s. 
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6.2.3. Photoelectrochemical Characterization 
Por-PMO films were synthesized on indium tin oxide coated glass (VisionTek, 150 nm 
ITO, 12-15 ohms/sq).  
UV-Vis measurements were performed on a Hitachi U3501 spectrophotometer 
equipped with an integrating sphere. Absorbance spectra were recorded in transmission 
geometry with plain ITO as reference.  
For the measurements in an electrolyte, the ITO substrates were cut into pieces of 1 cm 
× 1.5 cm. A 5 mm wide contact area on one side of the substrate was masked during the 
deposition of the PMO film, resulting in an active area of 1 cm2. After extraction of the 
template the blank part of the ITO was contacted with a copper wire using silver paste 
and then this contact area was sealed with poly(dimethylsiloxane) in order to avoid 
direct contact between the ITO and the electrolyte. Photoelectrochemical measurements 
were performed with the Por-PMO film as working electrode and a platinum wire as 
counter electrode in an aqueous electrolyte containing 0.1 M KNO3 and 1 mM H2O2.  
Solid-state devices were fabricated on patterned ITO substrates. After deposition of the 
PMO layer and subsequent extraction of the template, the films (1.5 cm × 1.5 cm) were 
immersed overnight into a solution of [6, 6]-phenyl-C61-butyric acid methyl ester 
(PCBM, 3 mg/ml in chlorobenzene) to enhance the infiltration of the PCBM into the 
mesopores (each film in 5 ml PCBM solution). The films were then taken from this 
solution and immediately spun at 1000 rpm with an acceleration of 996 rpm/s for 60 s, 
which resulted in a thin and homogeneous layer of PCBM on top of the PMO film. 
Finally, 70 nm thick silver contacts were sputter-deposited through a shadow mask, 
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yielding an active area of 16 mm2. The samples were illuminated through a 12 mm2 
mask and measured in air.  
For recording current transients the samples were illuminated with white light from an 
AM1.5G solar simulator (Solar Light Model 16S) at 100 mW/cm², which was 
modulated by a shutter. Illumination was carried out from the film side in the case of 
measurements in an electrolyte and through the ITO substrate in case of the solid-state 
devices. Lower light intensities were realized with a set of calibrated reflective neutral 
density filters. The signal was recorded using a low noise preamplifier (Femto 
DLPCA-200) and an oscilloscope (Tektronix DPO2012). 
External quantum efficiency (EQE) measurements were performed at short circuit. 
Monochromatic light was obtained from a 150 W xenon lamp in combination with a 
monochromator and order-sorting filters. The slits were adjusted such that the FWHM 
was 5 nm at a light intensity of approximately 2 mW/cm2. All light intensities were 
calibrated with a Fraunhofer ISE certified silicon reference cell equipped with a KG5 
filter. The monochromatic light was modulated using an optical chopper at a frequency 
of 4 Hz for measurements with an electrolyte and 12 Hz in case of the solid state 
devices. The signal was detected via a low noise pre-amplifier (Femto DLPCA-200) and 
a lock-in amplifier (Signal Recovery 7265). The modulation frequency was chosen slow 
enough such that the current response of the sample was square-like. 
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6.3. Results and discussion 
6.3.1. Mesostructured porphyrin-bridged PMO films 
Figure 6.1 shows the XRD patterns of the synthesized Por-PMO films. The film 
deposited from the precursor solution gives a diffraction peak at 2θ= 0.86o, indicating 
the formation of a periodic mesostructure with a d-spacing of 10.2 nm. After a thermal 
treatment at 120 °C followed by solvent extraction, the diffraction peaks are shifted to 
0.92o and 1.33o respectively, corresponding to d-spacings of 9.5 and 6.6 nm. The 
decreased d-spacings indicate a film shrinkage along the substrate normal, which is 
commonly observed for mesoporous thin films after template removal.23, 26-28   
 
Figure 6.1: Small-angle X-ray diffractions of the Por-PMO films, (a) as prepared, (b) 
after thermal treatment at 120 °C for 5 hours, (c) after extraction with ethanol. The 
intensity of the extracted Por-PMO film was multiplied by 2 for better visibility. 
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The 2D-GISAXS pattern of the extracted Por-PMO film resembled those observed for 
many mesoporous films after 1D shrinkage.29-30 It can be indexed with an orthorhombic 
unit cell (Fmmm) with the (010) plane parallel to the substrate (Figure 6.2). Mesoporous 
silica and carbon films with a similar face-centred orthorhombic symmetry prepared 
with the same structure directing agent (Pluronic F127) have also been reported.31-34 
The reflections in the GISAXS pattern are doubled due to diffraction of the incidence 
beam reflected at the film-substrate interface. Hence, reflections on top of each other 
(one circle and one square) belong to the same indexing. The lower empty square 
denotes the 002 reflection position. As it is below the sample ‘horizon’, the reflection 
intensity is fully absorbed by the sample. The lattice constants for the extracted 
Por-PMO film determined by XRD methods are a = 17.5 nm, b = 13.2 nm, and c = 24.8 
nm. The basis vectors a and c are parallel to the film and b is along the film normal 
(Figure 6.2).  
 
 
Figure 6.2: 2D-GISAXS pattern (left) of the extracted Por-PMO film according to the 
face-centred orthorhombic symmetry (Fmmm), with the (010) plane parallel to the 
substrate (right). 
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Figure 6.3: Plan-view TEM images of the extracted Por-PMO film. The presence of the 
ordered domains in the TEM images confirms the preservation of the mesostructure 
after removal of surfactant template. 
Figure 6.3 shows transmission electron micrographs of the Por-PMO film after template 
removal. In plan-view images, the periodic mesostructure of the Por-PMO film with 
domain sizes in the range of hundreds of nanometers can be observed. The presence of 
the ordered domains in the TEM images confirms that the mesostructure is preserved 
after removal of surfactant template and that it is also stable against electron-beam 
damage during TEM characterization. The d-values determined from the TEM images 
and their Fourier Transforms are on average 13.3 nm, 9.6 nm and 7.8 nm, which fits 
well with the values expected for an Fmmm structure with the b-axis along the film 
normal. The absolute values measured by TEM are slightly larger than observed by 
XRD, which may be attributed to sample preparation for TEM (ultrasonic treatment on 
the film scratched off from the glass slide).  
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To investigate the porosity of the extracted porphyrin-bridged PMO material, nitrogen 
sorption isotherms of the scratched-off films were recorded.  Figure 6.4 shows the 
obtained isotherm with a typical type IV isotherm shape, which is commonly observed 
for mesoporous materials. The presence of the hysteresis loop suggests the existence of 
ink-bottle shaped pores. The resulting Por-PMO material has a Brunauer-Emmett-Teller 
(BET) surface area of 364 m2g-1 and a pore volume of 0.57 cm-3g-1. The NLDFT 
pore-size distribution calculated from the adsorption branch indicates that the extracted 
Por-PMO material has mesopores with a diameter of about 15 nm (inset of Figure 6.4). 
The fairly broad pore size distribution is tentatively attributed to an incomplete template 
removal as well as the elliptically shaped pores resulting from the film shrinkage (35% 
shrinkage along the film normal was calculated from the 1D-XRD pattern).  
 
Figure 6.4: Nitrogen adsorption (○) and desorption (●) isotherms of  the extracted 
Por-PMO material with an inset showing the pore size distribution calculated with the 
NLDFT model from the adsorption branch (○) using a SiO2 kernel assuming 
cylindrical/spherical pore geometry for the sample. 
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The extracted Por-PMO material was also investigated by solid-state NMR 
spectroscopy in order to get detailed information about the chemical environment of 
both 13C and 29Si nuclei in the PMO material. In the 13C-MAS NMR spectrum (Figure 
6.5A), the detected chemical shifts in the range of 125 - 160 ppm are assigned to the 
carbon atoms in the aromatic ring of the porphyrin moiety.35-38 The signals at 7.8 ppm 
(SiCH2), 23.2 ppm (SiCH2CH2), 42.1 ppm (CH2NH) and 118.3 ppm (C=O) could be 
assigned to the carbon atoms in the propyl isocyanate moiety.39-43 The 13C-NMR 
spectrum proves that the porphyrin organic bridges in the precursor are robust enough to 
survive the synthesis conditions. In the solid state 29Si MAS-NMR spectrum (Figure 
6.5B), chemical shifts of T1 [CSi(OSi)(OH)2], T2 [CSi(OSi)2(OH)] and T3 [CSi(OSi)3] 
sites were observed at -46.5, -57.8 and -65.7 ppm, respectively.44-45 There were no 
signals observed in the range of -100 to -125 ppm which is representative of Qn sites 
[Qn=Si(OSi)n(OH)4-n], confirming that the Si-C bonds are stable and completely 
retained in the final mesoporous framework. 46-48 
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Figure 6.5: A) 13C-MAS NMR and B) 29Si-MAS NMR spectra of the extracted 
porphyrin-bridged PMO material with the corresponding assignments of the different 
resonances. Signals with asterisk * are the spinning side bands. 
6.3.2. UV-Vis absorption properties 
The optical properties of the Por-PMO film were evaluated with UV-Vis absorption 
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spectroscopy. The UV-Vis spectrum of a diluted solution containing porphyrin-bridged 
precursor molecules as well as that of the extracted Por-PMO film are shown in Figure 
6.6. For the diluted precursor solution, the strong Soret band is observed at 416 nm. 
Additionally, four bands are seen at 514, 550, 590 and 651 nm, and are assigned to the 
Q-band signals, which is typical for non-aggregated, free-base porphyrin units.37-38, 49-50 
Meanwhile, for the extracted Por-PMO film, the absorption bands between 380 nm and 
700 nm have similar shape but are red-shifted compared to the spectrum of the 
precursor solution. Similar red-shifts have been observed in other systems with 
assembled porphyrin macrocycles, and are believed to result from densely packed 
molecular organization that allows electronic coupling and energy transfer among the 
porphyrin building blocks.51-53 
 
 
Figure 6.6: UV-Vis absorption spectra of the extracted Por-PMO film (black curve) and 
that of a diluted solution containing 10-5 M porphyrin organosilica precursor in THF 
(blue curve). For clarity, an offset is added to the black curve. 
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6.3.3 Optoelectronic properties 
In order to investigate the photoactive and electronic properties of the Por-Si-PMO 
films we prepared samples on ITO-coated glass substrates.  
For the measurements in an aqueous electrolyte containing 0.1 M KNO3 and 1 mM 
H2O2, the Por-PMO film was connected as working electrode and a Pt wire was the 
counter-electrode (Scheme 6.2). The time-resolved photocurrent response and the 
spectrally resolved response of such an extracted PMO film (120 nm thick) were 
investigated. 
 
Scheme 6.2: Illustration of the set-up for optoelectrochemical experiments in electrolyte 
containing 0.1 M KNO3 and 1 mM H2O2. 
Current transients were recorded at different intensities of simulated solar light (Figure 
6.7A). A current pulse is generated upon illumination and quickly decays to a lower 
steady-state current. A pulse of similar amplitude with opposite sign is observed when 
switching off the light. These observed anodic and cathodic current spikes are 
well-known for films of organic semiconductors in electrolytes and could originate from 
charging and discharging of surface states.54-57 The sign of the photocurrent identifies 
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the Por-Si-PMO film as a p-type semiconductor, indicating that electron-hole pairs are 
generated upon illumination and the electrons are transferred to the electrolyte, whereas 
the holes are transported within the Por-Si-PMO film. 
In addition to the time-resolved photocurrent we recorded the spectrally resolved 
photocurrent at short circuit (Figure 6.7B, dashed line). Above 500 nm, the spectrum of 
external quantum efficiency (EQE), which is the ratio of collected electrons to incident 
photons, closely resembles the absorbance spectrum of the Por-Si-PMO film. However, 
at the position of the strongest absorption the current output is unexpectedly low. Since 
the absorbance around 420 nm is far higher than at longer wavelengths, incident 
photons are absorbed mainly close to the film surface. Consequently, holes have to 
travel through the entire porphyrin network and might recombine with electrons from 
the electrolyte before they can be collected at the contact. In contrast, at longer 
wavelengths the light intensity does not vary dramatically through the depth of the film 
and thus the generation of electron-hole pairs is much more uniformly distributed over 
the entire film thickness, such that the current output seems to be more favorable in this 
case.  
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Figure 6.7: A) Time-resolved photocurrent response of the extracted Por-Si-PMO film 
deposited on ITO in an aqueous electrolyte containing 0.1 M KNO3 and 1 mM H2O2 
(active area is 1 cm2). The experiment was carried out using simulated AM1.5G solar 
light of different light intensity. B) External quantum efficiency of a Por-Si-PMO film 
in the electrolyte and of the Por-Si-PMO/PCBM solid-state device, and UV-Vis 
spectrum of a Por-Si-PMO film. The spectrum measured in the electrolyte was 
multiplied by 10 for clarity. 
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We also combined the p-type porphyrin-based PMO films with an electron acceptor to 
form a three-dimensional solid-state heterojunction by soaking the extracted 
mesoporous films in a solution of PCBM for infiltration of the electron-transporting 
species into the mesopores. Subsequent spin-coating with the PCBM solution results in 
an additional PCBM overlayer, which is required for avoiding contact between the Ag 
back electrode and the p-type material (configuration of the device illustrated in Scheme 
6.3). 
 
Scheme 6.3: Illustration of the configuration of the solid-state device with 
mesostructured PMO film. The porous layer on the surface of ITO represents the 
Por-PMO film. 
The external quantum efficiency spectrum of the device follows the absorbance trend of 
the Por-Si-PMO film (Figure 6.7B, solid line). Compared to the measurements in an 
electrolyte the photocurrent response in the blue and UV part of the spectrum is much 
higher, which might be due to additional contribution from the PCBM. The observed 
photocurrent seems to be a superposition of excitons generated in the Por-Si-PMO 
followed by electron injection into the PCBM, and excitons generated upon light 
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absorption by the PCBM followed by hole injection into the Por-Si-PMO. As already 
observed for the liquid electrolyte sample, the photocurrent generated at the strong 
absorption peak of the porphyrin framework is in fact lower than at neighboring 
wavelengths. At around 420 nm, since the illumination is through the ITO substrate in 
this case, most excitons are created close to the contacts and the electrons in the PCBM 
have to diffuse a long way through the interpenetrating networks and might eventually 
recombine with holes in the PMO film before being collected by the Ag contact. Again, 
the more uniform charge generation throughout the entire film seems to be more 
favorable for current output.  
6.4. Conclusion  
In summary, a periodic mesoporous organosilica film material with optoelectronic 
activity based on a porphyrin moiety was successfully synthesized. The specially 
designed porphyrin-bridged ethoxysilyl precursor was polycondensed through an 
evaporation-induced self-assembly process to form a PMO film with Pluronic F127 
acting as template. SAXS measurements and TEM experiments on the Por-PMO film 
showed that after thermal treatment and surfactant removal an orthorhombic 
mesoporous structure was formed on the surface of a flat substrate. Solid state NMR 
spectra confirmed the preservation of the porphyrin macrocycles after being 
incorporated in the condensed organosilica framework. The obtained Por-PMO material 
with pore size of 15 nm showed a surface area of 364 m2g-1 and a pore volume of 
0.57 cm-3g-1. The UV-Vis absorbance spectrum of the PMO film showed a wide 
absorption due to the porphyrin chromophores in the organosilica framework. The 
observed energy shifts of the porphyrin in the PMO film with respect to the precursor 
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molecules in solution point to strong electronic interactions of the porphyrin 
chromophores in the PMO framework. Finally, the investigation on the optoelectronic 
activity of the film showed a light-induced charge generation capability and a p-type 
semiconducting character of the PMO system. This study shows that novel periodic 
bulk heterojunctions can be designed on the basis of porphyrin-containing mesoporous 
organosilica materials. As the structural parameters such as pore size, pore volume and 
periodicity of these systems are known, we propose that such systems will be of interest 
as promising model systems for the study of bulk heterojunctions for photovoltaics.  
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7. Conclusions and Outlook 
This thesis focused on synthesizing novel peoriodic mesoporous organosilica (PMO) 
materials with different chromophores in their frameworks. A modified 
evaporation-induced self-assembly (EISA) process was employed to produce PMO 
materials either in the tubular channels of anodic alumina membranes (AAM) or on the 
surface of flat substrates. 
Choosing the porous AAM as host system for PMO materials was based on the 
favorable interactions of silica species with AAM channel walls found in inorganic 
silica/AAM systems. In the course of this thesis, the first PMO material confined within 
the channels of AAM was synthesized with 4, 4’-bis(triethoxysilyl)biphenyl (BTEBP) 
as the organosilica precursor. By using the ionic surfactant cetyltrimethylammonium 
bromide (CTAB) as the structure-directing agent (SDA), the resulting PMO showed a 
phase mixture of the 2D-hexagonal columnar and a lamellar mesostructure. When using 
the nonionic surfactant F127 as SDA, a 2D-hexagonal circular mesophase was obtained 
in the AAM channels. Additionally, a cubic Im-3m phase was formed with the same 
surfactant F127 after the addition of lithium chloride to the precursor solution. Both the 
circular and cubic confined biphenylene-bridged PMOs were stable against calcination 
temperatures of up to 250 °C. Besides, all the biphenyl PMO/AAM composites showed 
fluorescence in the UV light region due to the presence of biphenyl chromophores in the 
stable organosilica frameworks. 
The other PMO material within the channels of AAM was synthesized with 
1,3,5-tris(4-triethoxysilylstyryl)benzene (a three-armed oligo(phenylenevinylene) 
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compound, denoted as 3a-OPV) as precursor. Depending on different structure directing 
agents, different mesophases were observed. Pluronic F127-templated 3a-OPV-PMO 
showed a 2D-hexagonal circular phase formed in the confined environment of the AAM 
channels. When using Pluronic F108 (which can form micelles with higher curvature 
than F127), a body centered cubic (Im-3m) mesophase was formed within the AAM 
channels. It is noteworthy that the resulting circular and cubic 3a-OPV-PMO/AAM 
composites were both structurally stable against thermal treatments at temperatures of 
up to 200 °C and also rather stable in the electron beam of an electron microscope. 
Fluorescence spectra showed that the confined 3a-OPV-PMO materials still preserved 
fluorescent emission, and that their emission in the visible light region was red-shifted 
with respect to the precursor molecules in solution, which indicates that there are strong 
electronic interactions between the intact phenylenevinylene chromophores in the 
condensed 3a-OPV-PMO pore walls.  
Given the charge-conducting ability of many π-conjugated systems, we reasoned that 
incorporating such conjugated organic units in alkoxysilyl precursors might lead to 
novel PMO materials with novel optical and optoelectronic properties. Accordingly, 
two novel poly-trialkoxysilyl precursors, one with a phthalocyanine chromophore and 
the other with a porphyrin macrocycle as bridging-units, were designed and used to 
synthesize the corresponding PMO film materials on flat glass substrates. Compared to 
small precursor molecules, it is often far more challenging to obtain ordered 
mesostructures from bulky organic precursors, as this type of precursor shows low 
solubility and high hydrolysis rates leading to almost instant precipitation under 
common synthesis conditions. Sometimes a certain amount of pure silica precursor such 
as tetraethyl orthosilicate (TEOS) is needed to assist the bulky organic precursor in 
forming an ordered struture through interactions with the block copolymer aggregates. 
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This turned out to be the case for the synthesis of the PMO containing phthalocyanine 
chromophores (denoted as Pc-Si-PMO). With triblock co-polymer F108 as template and 
50 wt% TEOS as co-precursor, highly ordered mesoporous films were formed on flat 
substrates by using the spin-coating method. The removal of template was realized by 
supercritical CO2 extraction. With a view toward its porosity as well as the periodicity 
and orientation of the mesostructure, the extracted Pc-Si-PMO was throughly 
characterized by nitrogen sorption measurements, 1D and 2D small angle X-ray 
diffraction techniques and transmission electron microscopy (TEM). The extracted 
PMO features an orthorhombic porous structure with pore diameter of 17 nm and 
surface area of 379 m2 g-1. The phthalocyanine molecules are still intact after being 
incorporated in the condensed silica walls, which was confirmed by energy dispersive 
X-ray spectroscopy (EDX), electron energy loss spectroscopy (EELS) and nuclear 
magnetic resonance (NMR) spectroscopy. Furthermore, upon inclusion of 
electron-accepting species such as [6, 6]-phenyl-C61-butyric acid methyl ester (PCBM), 
the anticipated light-induced charge generation and hole-transporting capabilities were 
indeed observed for these Pc-Si-PMO films. 
Finally, the synthesis of novel PMO films containing porphyrin macrocycles was 
achieved by using 100 wt% of a newly designed porphyrin-bridged organosilane 
precursor without addition of any inorganic silica precursor. Through the spin-coating 
technique, F127-templated Por-PMO film material was formed on flat glass substrates. 
After removal of F127 by solvent extraction, the resulting Por-PMO film showed an 
orthorhombic mesostructure with surface area of 364 m2 g-1 and a pore diameter of 
15 nm. The UV-Vis absorbance spectrum of the PMO film showed a broad absorption 
due to the porphyrin chromophores in the organosilica frameworks. The optoelectronic 
activity of the Por-PMO film material was investigated in an electrolyte and also in a 
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solid device containing interpenetrating PCBM electron acceptor, showing 
light-induced charge generation performance and hole-conducting ability. 
This thesis was guided towards the functionality and utility of periodic mesoporous 
organosilica materials. Our experiments were conducted with the aim to diversify the 
mesophase of a particular PMO via confinement and to rationally design novel 
functional PMOs. In our work, the studies related to the AAM host systems show that 
combining the PMO material with porous AAM system could lead to different 
mesophase behavior and phase stability and thus open a way to designing novel 
hierarchical nanosystems based on the PMO materials. Furthermore, the achievement of 
successfully synthesizing novel PMO films with large π-conjugated chromophores 
shows that it is possible to obtain PMO films by using precursors with rather large 
organic bridges, whose synthesis and self-assembly has always been a significant 
challenge. Additionally, these novel PMO films show indeed the anticipated 
optoelectronic activities, i.e., light-induced charge generation and hole-conducting 
capability. The knowledge gained in this work is hoped to lead the way towards 
designing and synthesizing novel PMO materials with unique properties that might, on 
the one hand, serve as well-defined model systems for bulk heterojunctions in 
photovoltaics, and on the other hand show promise for future applications in 
photodetectors, photocatalysis, displays and photovoltaics based on their 
light-absorbing, light-emitting and charge-transporting abilities studied in the course of 
this thesis. 
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8. Appendix 
A-1. Synthetic Procedures for 2,3,9,10,16,17,23,24-Octa 
[(3-triethoxysilylpropylaminocarbonyloxy) phthalocyaninato zinc (Ⅱ)]  
Synthesis was done by Florian Löbermann from the Trauner group in the organic 
chemistry devision of LMU.  
General Experimental Details. Unless otherwise noted, all reagents were purchased 
from commercial suppliers and were used without further purification. Unless otherwise 
noted, all reaction mixtures were magnetically stirred in oven-dried glassware under a 
blanket of argon. External bath temperatures were used to record all reaction mixture 
temperatures. Analytical thin layer chromatography (TLC) was carried out on Merck 
silica gel 60 F254 TLC plates. TLC visualization was accomplished using 254 nm UV 
light or charring solutions of KMnO4 and cerric ammonium molybdate. All organic 
extracts were washed with brine, dried over sodium sulfate and filtered; solvents were 
then removed with a rotary evaporator at aspirator pressure. Flash chromatography was 
performed on Dynamic Adsorbents Silica Gel (40-63 µm particle size) using a forced 
flow of eluant at 1.3–1.5 bar pressure. Yields refer to chromatographically and 
spectroscopically (1H NMR and 13C NMR) homogenous material. 1H NMR spectra were 
recorded on Bruker ARX 200, AC 300, WH 400, or AMX 600 instruments. Chemical 
shifts are reported in ppm with the solvent resonance employed as the internal standard 
(CDCl3 at 7.26 and 77.0 ppm; DMSO at 2.50 and 39.5 ppm). The following abbreviations 
are used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = 
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multiplet, br = broad. IR spectra were recorded 4000–400 cm–1 on a Perkin Elmer 
Spectrometer BY FT-IR-System with a Smith Dura sample IR II ATR-unit. Samples 
were measured as neat materials (neat). The absorption bands are reported in wave 
numbers (cm-1). Mass spectra were recorded on a Varian MAT CH 7A for electron impact 
ionization (EI) and high resolution mass spectra (HRMS) on a Varian MAT 711 
spectrometer. 
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Scheme A-1.1: Synthetic route of the octa-substituted phthalocyanine-bridged 
organosilane precursor. 
The ethoxysilyl precursor containing phthalocyanine macrocycle was synthesized 
according to the synthetic route shown in Scheme A-1.1. 
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Scheme A-1.2: Chemical structure of zinc-octamethoxyphthalocyanine 
Zinc-octamethoxyphthalocyanine. To a solution of zinc(II)chloride (0.274 g, 
2.0 mmol, 0.25 eq.), 4,5-dimethoxyphthalonitrile (1.49 g, 7.9 mmol, 1.0 eq.) and urea 
(0.474 g, 7.9 mmol, 1.0 eq.) in ethylene glycol (24 mL) was added a spatula tip of 
ammonium molybdate. The mixture was heated in a sealed tube to 170 °C under stirring 
over night. The dark green reaction mixture was diluted with water (50 mL) and 
centrifuged to obtain a dark green, waxy solid. The precipitate was washed with acetone 
and dried on air over night. The dark powder was now washed with DMSO, followed by 
acetone to yield 1.41 g (87%) of zinc-octamethoxyphthalocyanine as a dark green solid. 
Analysis Data:  
IR (neat): ν (cm-1) = 3364 (br), 3006 (w), 2936 (w), 2218 (w), 1600 (m), 1494 (s), 
1476 (s), 1393 (s), 1276 (s), 1205 (s), 1099 (m), 1052 (s), 876 (m), 847 (m), 741 (m); 
1H NMR (200 MHz, DMSO-d6): δ = 7.29 (s, 8H), 3.88 (s, 24H); MS (EI) calcd. for 
C40H32N8O8Zn (M+): 816.1635; found: 816.1622. 
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Scheme A-1.3: Chemical structure of zinc-octahydroxyphtalocyanine. 
Zinc-octahydroxyphthalocyanine. To a suspension of zinc-octamethoxyphtalocyanine 
(818 mg, 1.0 mmol, 1.0 eq.) in dry CH2Cl2 (20 mL) was added a 1.0 M solution of 
boron tribromide in CH2Cl2 (40 mL, 40 mmol, 40 eq.) dropwise at 0°C. The reaction 
mixture was stirred at rt for 5 days and subsequently treated with MeOH (200 mL) at 
0°C. All volatiles were removed in vacuo and the resulting dark solid was suspended in 
MeOH (100 mL) and centrifuged. The precipitate was filtered off, washed with MeOH 
and dried in vacuo to yield 530 mg (75%) of title compound 
zinc-octahydroxyphthalocyanine. 
Analysis data:  
IR (neat): ν (cm-1) = 3196 (br), 2361 (s), 2342 (s), 1647 (m), 1603 (m), 1476 (s), 1380 
(br), 1288 (s), 1170 (w), 1087 (m), 1033 (m), 827 (w);  
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Scheme A-1.4: Chemical structure of the phthalocyanine-containing ethoxysilyl 
precursor. 
Phthalocyanine-containing ethoxysilyl precursor. To a suspension of 
zinc-octahydroxyphthalocyanine (100mg, 0.14 mmol, 1 eq.) in dry THF (10 mL) was 
added TEA (724 mg, 7.15 mmol, 50 eq.), followed by 
3-isocyanatopropyl-triethoxysilane (566 mg, 2.29 mmol, 16 eq.). The reaction mixture 
was stirred at rt over night and all volatiles were removed in vacuo. The resulting oily 
residue was taken up in dry toluene and precipitated with hexanes. The suspension was 
centrifuged and the precipitate was filtered off, dissolved in toluene and precipitated 
again. After drying 180 mg (47%) of title compound were obtained as a green-blue 
solid. 
Analysis data: 
IR (neat): ν (cm-1) = 3322 (br), 2973 (m), 2928 (w), 2881 (w), 1714 (vs), 1536 (s) 1453 
(m), 1404 (m), 1391 (m), 1244 (s), 1165 (m), 1073 (vs), 938 (vs); 1H NMR (400 MHz, 
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DMSO-d6): δ = 9.20 (s, 8H), 8.19 (d, 8H, J = 4.8), 3.82 (q, 48H, J = 7.0), 7.29 (s, 8H), 
3.88 (s, 24H) 
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A-2. Analysis of the extracted Pc-Si-PMO film by energy dispersive 
X-ray spectroscopy (EDXS) and electron energy loss spectroscopy 
(EELS). 
 
 
Figure A-2.1: Low energy part of a typical EDX spectrum from a CO2 extracted film 
showing the presence of the expected elements. 
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Figure A-2.2: Typical EEL spectrum of a CO2 extracted film. Apart from nitrogen and 
oxygen K edges, the carbon K edge and the Si L edge can be recognized. The latter 
edges were not used for quantification because the silicon L edge is close to the 
plasmon region which makes a proper background subtraction difficult. Carbon can be 
easily quantified. However, the amount of carbon can be affected by contamination due 
to long exposure times. 
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A-3. Synthetic procedures of the porphyrin-containing ethoxysilyl 
precursor 
Synthesis was done by Florian Löbermann from the Trauner group in the organic 
chemistry devision of LMU. 
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Scheme A-3.1: Synthetic route for the porphyrin-bridged ethoxysilyl precursor. 
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Scheme A-3.2: Chemical structure of meso-tetra(p-hydroxy)phenyl porphyrin. 
Meso-tetra(p-hydroxy)phenyl porphyrin. 4-Hydroxybenzaldehyde (3.6 g, 30 mmol, 
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1.0 eq.) was dissolved in refluxing propionic acid (150 mL). Upon addition of pyrrole 
(C4H4NH) (2.0 g, 30 mmol, 1.0 eq.) the reaction mixture was refluxed for further 30 min. 
The solution was subsequently slowly cooled to 0 °C for 15 min. The resulting precipitate 
was washed excessively with CHCl3 (200 mL) and then dissolved in acetone (100 mL) 
and CHCl3 (50 mL), washed with saturated sodium bicarbonate solution (2 × 50 mL), 
brine (3 × 50 mL), dried, filtered and concentrated. The crude product was purified by 
repetitive silica gel chromatography (1% MeOH in CHCl3) to afford 2.5 g (49%) of 
meso-tetra(p-hydroxy)phenyl porphyrin as a purple solid.  
Analysis data:  
IR (neat): ν (cm-1) = 3313 (br), 1700 (m), 1607 (s), 1509 (s), 1350 (s), 1213 (vs), 1171 
(vs), 966 (s), 794 (vs), 728 (s); 1H NMR (300 MHz, DMSO-d6): δ  = 9.94 (s, 4H), 8.87 
(s, 8H), 8.00 (d, 8H, J = 8.5), 7.21 (dd, 8H, J = 1.2, 8.5), -2.88(s, 2H); 13C NMR (100 
MHz, DMSO-d6): δ = 157.8, 157.7, 136.0, 120.4, 116.1, 114.4; MS (EI) calcd. for 
C44H30N4O4 (M+): 687.2267; found: 687.2271. 
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Scheme A-3.3: Chemical structure of the porphyrin-containing ethoxysilyl precursor. 
Porphyrin-containing ethoxysilyl precursor. A dry Schlenk-tube was charged with 
Meso-tetra(p-hydroxy)phenyl porphyrin (204 mg, 0.30 mmol, 1 eq.) in dry THF (15 mL). 
To the solution was added 3-isocyanatopropyltriethoxysilane (445 mg, 1,8 mmol, 6 eq.) 
and TEA (9.11mg, 0.09 mmol, 0.3 eq.) at rt and under argon atmosphere. The reaction 
mixture was hereafter heated to 80 °C for 4 h. After concentration in vacuo, filtration and 
washing with EtOAc (50 mL), all volatiles were removed. The resulting oily residue was 
taken up in little EtOAc and precipitated with hexanes. The precipitate was collected after 
centrifugation and the procedure was repeated five times. The resulting solid was dried 
under high vacuum to obtain 200 mg (40%) of title compound as purple solid.  
Analysis data:  
IR (neat): ν (cm-1) =  3315 (br), 2971 (w), 2926 (vw), 2884 (vw), 1714 (vs), 1608 (s), 
1586 (w), 1498 (s), 1470 (w), 1349 (s), 1205 (vs), 1166 ( s), 1069 (vs), 965 (w); 1H NMR 
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(400 MHz, CDCl3): δ = 8.88 (s, 8H), 8.18 (d, 8H, J = 8.4), 7.53 (d, 8H, J = 8.4), 5.60 (t, 
4H, J = 5.9), 3.91 (dt, 24H, J = 6.2, 7.0), 3.42 (dd, 8H, J = 6.6, 13.0), 1.88-1.78 (m, 8H), 
1.30 (td, 36H, J = 1.6, 7.0), 0.82-0.76 (m, 8H), -2.83 (s, 2H); 13C NMR (100 MHz, 
CDCl3): δ = 154.7, 151.1, 138.9, 135.7, 135.2, 119.8, 119.3, 113.7, 58.6, 43.7, 23.2, 18.3, 
7.8; MS (ESI) calcd. for C84H115N8O20Si4 [M+H]+: 1667.7305; found: 1667.7306. 
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